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ABSTRACT 


Results of a previous JPL Lithium- Doped Solar Cell program indicated 
that such cells can. exhibit high efficiencies and radiation tolerance. This 
report presents the results of an additional effort to determine the technology- 
readiness of lithium- doped silicon solar cells with respect to use in space 
programs. This effort was comprised of a pilot line fabrication program and 
an evaluation of the pilot line cells after exposure to environments representa- 
tive of those presently imposed on state-of-the-art, nonlithium-doped silicon 
solar cells. A summary of the results of the effort is presented. It is con- 
cluded that further process improvements are required, particularly with 
respect to the P/N junction diffusion and the electrical contacting technique 
(including solder coating). It is also concluded that lithium-doped cells can be 
fabricated to exhibit high efficiencies, uniform cell-to-cell recovery charac- 
teristics after exposure to 1-MeV electrons, and good stability in most environ- 
ments investigated (the only exception being the thermal shock environment). 
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I. INTRODUCTION 


On the basis of the results of the JPL Lithium-Doped Solar Cell Program 
(Ref, 1-Z3) it was determined that lithium-doped solar cells fabricated from 
oxygen- rich silicon could present advantages with respect to both radiation 
hardening and initial cell efficiency. Lithium -doped silicon solar cell lots 
having average efficiencies of 11. 9% and efficiencies as high as IZ, 8% in an 
air mass zero spectrum at ZS^C had been obtained. Experimental cell design 
matrices were used in conjunction with analysis of the capacitance-voltage 
characteristics of the cells to provide information concerning the lithium 
donor density gradient near the junction as a function of the lithium diffusion 
schedule (Refs. 1-4). The results of these investigations were used to obtain a 
high degree of consistency and improvement in cell radiation annealing char- 
acteristics. 

While a good understanding of the effects of lithium- doped cell design 
and processing on pre- and postirradiation characteristics was obtained, and 
a reasonably good understanding of the interaction among lithium, silicon, 
oxygen, and radiation-induced defects had been built up, there still remained 
some significant questions. In particular, there were questions about how the 
cells would behave under space-type environmental conditions, how conditions 
of temperature cycling and temperature soaks affect the radiation recovery 
characteristics, and what the effects of contact sintering on cell pre-and 
postirradiation cell characteristics would be. Moreover, there remained a 
major question about whether the processes involved in the fabrication of 
lithium-doped solar cells could be scaled-up to provide an economically viable 
alternative to the state-of-the-art N/P solar cell, and whether such process 
modifications could be effected in such a way as to obtain cells with consistent 
pre- and postirradiation characteristics. To address these questions, two 
complementary programs were set up by the Jet Propulsion Laboratory. One 
program was for pilot line production of lithium-doped silicon solar cells, 
which was awarded to Heliotek, Division of Textron under JPL contract, and 
the other was an extensive in-house evaluation program of these cells by the 
Jet Propulsion Laboratory. 
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II. OBJECTIVES 


The objectives of the lithium-doped cell pilot line fabrication program' 
consisted of the following: 

(1) Development of processes amenable to large scale production of 
high- efficiency, radiation resistant, lithium-doped solar cells 
with emphasis on such factors as reproducibility, reliability, 
economy, compatibility with state-of-the-art array fabrication 
requirements, compatibility with space-type environmental 
requirements, and cell-to-cell uniformity of electrical and 
mechanical characteristics. 

(Z) Delivery of 300 cells per month for four months and 3000 per 

month for one month, the 3000-cell lot being fabricated within a 
30- calendar-day time period. Since it was recognized at the 
outset that this program entailed a significant number of technical 
problems, JPL decided to standardize with a particular cell design 
for the life of the program. The choice of cell design is consid- 
ered to be somewhat arbitrary simply because no true optimum 
cell design has yet been found; that is, no design was shown to be 
clearly superior to all other designs, but rather a band of '^good^' 
designs was determined encompassing a range of lithium diffusion 
schedules that appear at this time to be superior to others. To 
maintain compatibility with the most commonly used solar cell 
dimensions, the cell dimensions were specified as nominal 
2 cm X 2 cm x 0, 035 cm. The contact material was specified as 
titanium- silver with solder coating. A six- grid line top surface 
contact having a contact bar along one edge of the cell was spec- 
ified, with an area contact to the bottom surface. Thus, in con- 
figuration, the lithium- doped solar cells were quite similar to the 
Mariner- class solar cells presently used by JPL. The minimum 
cell efficiency was specified to be no less than 11% on the basis of 
an area of 3. 8 cm as measured in a solar simulator having an 
AMO spectrum and intensity at a cell temperature of 28 ±1°C. 

The lithium diffusion schedule was specified as 3 h at 360"^ C, on 
the basis of results of previous work in lithium diffusion schedule 
optimization. This previous work had indicated that the specified 
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diffusion schedule would result in very uniform postirradiation 
recovery characteristics and would provide a high degree of 
recovery at the relatively high 1-MeV electron fluence of 

3 X 10^5 e/cm^. 

It should be mentioned here that the extent of technical difficulties 
encountered in scaling-up the lithium-doped cell process, in particular with 
respect to the P/N junction diffusion operation, was in fact underestimated, 
and as a result it was impossible to fabricate the 3000-cell lot within the 
funding constraints of the program. Therefore, a rnajor objective of the 
program, was not achieved, A good deal of valuable inforination, however, was 
obtained and several major problem areas were defined. These will have to be 
resolved before the lithium-doped solar cell can become a viable alternative 
to the state-of-the-art N/P solar cells (Ref. 24). 

The objective of the JPL. lithium-doped solar cell test program was to 
determine the effects of various environments on the performance of both 
irradiated and unirradiated lithium-doped solar cells. To this end, cells 
fabricated under the pilot line program were exposed to temperature -humidity 
soaks, thermal shocks, vacuum -temperature soaks, high-temperature soaks, 
solder melt soaks, and irradiation by several fluences of 1-MeV electrons. 
Electron irradiations were performed on solar cells exposed to one or more of 
the foregoing environments and on cells as received, to determine whether 
exposure to these environments resulted in significantly different post- 
irradiation recovery characteristics as a function of annealing at 60° C. The 
cells exposed to the various environments, as well as representative unexposed 
cells, were evaluated electrically by means of current voltage characteristics 
obtained in a solar simulator having a spectrum and intensity representative 
of air mass zero conditions at a cell temperature of 28 ±1°C, The cells were 
evaluated mechanically by pull strength tests performed on both N and P 
contacts. The most important problem area delineated by these tests was 
associated with the apparent fragility of the lithium-doped solar cell contacts 
(solder-coated) after exposure to thermal cycling of +100 to -196°C. While 
solder-coated state-of-the-art N/P solar cell contacts fabricated from evap- 
orated and sintered titanium silver are quite sensitive to this test, the lithium- 
doped solar cells appear to be even more vulnerable, and further work in 
ii^proving the resistance of lithium— doped cells to thermal cycle mechanical 
degradation is indicated if a high degree of reliability is desired. 
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III. SUMMARY OF RESULTS OF PILOT LINE 


A rather complete discussion of the lithium-doped solar cell pilot line 
practices and pitfalls is given in Ref. 24. For the sake of completeness, a 
brief discussion of some of the major results will be presented here. Firstly, 
it should be noted that the average efficiency of the last two lots (Lots 3 and 4) 
of lithium-doped solar cells was about one efficiency group lower (that is, about 
10% lower in power output) than the efficiencies of the cells in the first two lots 
' (Lots 1 and 2). The first two lots yielded 50% of the cells with efficiencies 
greater than 12%, with efficiencies of the delivered cell ranging from 11 to as 
high as 12,7%, as measured at AMO spectral and intensity conditions in a 
solar simulator at a temperature of 28 ±1°C. Lot 4, on the other hand, had 
delivered cell efficiencies ranging from 11 to only 12, 1% which, although 
certainly competitive with state-of-the-art N/P solar cells, is considerably 
below the potential efficiencies exhibited by Lots 1 and 2. 

The principal reason for this apparent negative progress is to be found 
in the scale-up of the P/N junction diffusion operation. The P/N junction diffu- 
sion technique utilized for the first two lots, and which has been utilized in the 
past, involves the use of boron trichloride with a nitrogen carrier gas. Because 
of reactions on the silicon surface, the number of cells that could be diffused 
simultaneously to yield consistently high- efficiency solar cells was limited. 

In the past, only 10 to 20 cells per run could be successfully diffused. Over 
the course of the present contract this number was increased to a maximum of 
40 cells per diffusion run. While this is a significant increase percentage- 
wise, it is still far from competitive with the number of cells that are diffu- 
sed for fabrication of the state-of-the-art N/P solar cells. Since one of the 
objectives of this program was to make the lithium-doped solar cell econom- 
ically competitive with state-of-the-art N/P cells on the basis of dollars per 
end of mission watt output, and since the lithium-doped cells should be 
inherently more expensive than nonlithium-doped cells because of the addi- 

operations required to introduce the lithium, it is necessary to make 
all nonlithium associated operations at least as economically competitive as 
those used for the N/P cell fabrication. Therefore the major investigative 
efforts on this program were associated with scaling-up the P/N junction 

to allow diffusion of approximately 150 cells or more simultaneously. 
After a considerable amount of work, a diffusion system using boron trichlo- 
ride with oxygen rather than nitrogen as the carrier gas was developed; it 
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allowed the simultaneous diffusion of up to 150 cells with good uniformity and 
reproducibility;, however, as observed above, the average power output of the 
cells was 10% below that of the cells diffused by nitrogen carrier gas system. 
Clearly, more work is needed in this area to recover this 10% power loss. 

Electrical measurements made by the contractor on cell Lot 4 indicated 
rather large variations in curve shape,. Analysis indicated that a combination 
of series resistance effects and the apparent formation of a metal to semicon- 
ductor barrier was the cause of the variations. Measurements of sintered and 
unsintered cells indicated that the barrier formation effects occurred only in 
the case of sintered cells. The severity of barrier formation appears to be 
quite variable and hence might be a result of process variations such as con- 
tamination during evaporation, variations in the amount of oxide on the back 
surface, and variations in bulk resistance and/or lithium concentration at the 
surface. While the normal sintering schedules consist of exposure for 2 min 
at 605° C, experiments were performed at 360° C for a series of 5-min cycles. 
Although some cells did not exhibit barrier formation until exposure to three 
5-min heat cycles at 360° C, others exhibited the effect after the first 5-min 
cycle. The contractor points out {Ref. 24) that the sintering operation tends 
to optimize the silicon monoxide coating by decreasing light absorption in the 
short wavelength region, and this normally results in improved short circuit 
current. Thus, elimination of the sintering to eliminate the barrier formation 
may have an adverse effect on the short circuit current parameter. Further 
work is required in this area. 

Still another problem was encountered in fabricating Lot 4 of the lithium- 
doped solar cells, namely the downward trend in short circuit current param- 
eter with each successive lithium diffusion. This amounted to a loss in short 
circuit current of between 5 and 10 mA somewhere between the boron diffusion 
and contact evaporations. The loss was traced to the lithium evaporation step. 
Thorough examination of the evaporation system showed that lithium was pres- 
ent throughout the lower part of the vacuum systemU, e, , in the diffusion pump, 
cold trap, valves, etc. ), A thorough cleaning of the entire vacuum system 
resulted in restoration of the short circuit current. In production, however, 
this could be a very costly process and it appears that further significant 
effort is required to circumvent or minimize the necessity of such a time- 
consuming maintenance procedure. 
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The lithium diffusion schedule specified by JPL and used for all cells 
fabricated throughout this contract was based on results previously reported 
on the correlation between the lithium diffusion schedule and the electrically 
active lithium density gradient near the junction, and on the correlation between 
the lithium density gradient near the junction and the resultant solar cell 
irradiation recovery characteristics {Refs. 1-3), The lithium diffusion sched- 
ule of 3 h at 360° C was expected to give both uniform irradiation recovery 
characteristics and a high degree of radiation- induced defect neutralization 
after exposure to 1-MeV electrons to a fluence of 3 x lO^^e/cm^, This was, 
indeed, found to be the situation. Capacitance- voltage measurements (Refs, 

3, 11, and 15) indicated electrically active lithiiim donor density gradients 
near the junction consistent within about a factor of three for all cells meas- 
ured, Thus, it is felt that the cell design used, while possibly not optimized, 
is certainly a good one. The period of time required for lithium diffusion, 
however, appears to be a production rate-limiting step since it is approx- 
imately six times that required for the boron diffusion operation. For large 
production quantities, three lithium diffusion furnaces would be required for 
each junction diffusion furnace, unless a continuous lithium diffusion furnace 
is developed or unless a significantly shorter lithium diffusion time can be 
utilized. 

Except for the possibility of requirements for extensive evaporation 
system cleaning, the lithium introduction operations, that is, lithium evapora- 
tion and lithium diffusion, were successfully scaled-up. The P/N junction dif- 
fusion operation, while successful in scaling-up the quantities, requires more 
work to extract the high efficiency potential of lithium-doped solar cells. Also, 
something must be done to eliminate the variable metal-to- semiconductor 
barrier formation as a result of contact sintering. Since the sintering appears 
to be required more for the treatment of the silicon monoxide coating than for 
the contact itself, perhaps the use of different antireflection coating (e.g., TiO) 
might allow the elimination of the sintering and the associated problems. The 
contractor estimates that for lithium-doped cell quantities of 3000 cells per 
month, the lithium diffusion time of 3 h would not be particularly rate-limiting, 
but significantly larger production quantities would require some modification. 
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IV. ENVIRONMENTAL TESTS 


As discussed previously, one of the two major programs comprising this 
effort was to determine the effects of environmental tests, similar to those im- 
posed on state-of-the-art Mariner type N/P solar cells, on the mechanical and 
electrical characteristics of unirradiated and irradiated lithium-doped solar 
cells fabricated as a result of the lithium-doped solar cell pilot line. Literally 
tens of thousands of data points were obtained as a result of this program. A 
summary of the results are presented in Tables 1 through 51. These tables 
present data pertinent primarily to Lots 1 and 4, while similar data is avail- 
able for Lots Z and 3. The discussion given below will present some conclu- 
sions and comparisons that are of particular interest to the author and in no 
way reflect the number and types of comparisons that can be made by this 
comprehensive body of data. That is to say, while a vast number of compar- 
ative permutations exist, this report has been quite selective and subjective as 
to the types of comparisons made. 

An important question remaining at the end of the previous program was 
what the effect of the sintering operation would be with respect to pre-and post- 
irradiation cell characteristics. Lot 1 was of interest because it compared 
lithium-doped cells fabricated with both sintered and unsintered silver-titanium 
contacts. This lot also made use of the best P/N junction diffusion process 
available with respect to resultant cell efficiency. 

Lot 4 is of interest because it made use of a P/N junction diffusion that, 
while not optimized for resultant cell efficiency, did allow the diffusion of large 
batches of cells simultaneously. Moreover, had funds been available to com- 
plete the 3000-cell lot 5 within a 30-day time period, it is basically the junction 
diffusion processes used on lot 4 that would have been utilized. Consequently, 
two additional environmental tests were imposed on cells from Lot 4, namely, 
the vacuum-tempe rature test, in which the cells were stored at pressures of 
1 , 3 X 1 0^ ^N/m^ (10’^ torr) or less at a temperature of 1Z5° C for IZ days, and 
the humidity-temperature test in which cells were stored at a temperature of 
80 ±5°C and a relative humidity of 90 ±5% for a period of two weeks. Tests 
performed on both Lots 1 and 4 consisted of thermal shock in which the cells 
were subjected to 5 temperature cycles between +100 and -196°C with a 1 -min 
soak at each extreme, a high-temperature soak in which the cells were stored 
at a temperature of ISO^C for IZ days, and a solder melt test in which cells 
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were exposed to a temperature of Z15°C for 2 min. Irradiation tests by 1 -MeV 
electrons to fluences of 1 x 10^"^ and 3x10^^ e/cm^ with subsequent annealing 
at 60® C were also made on environmentally exposed cells as well as unexposed 
cells. 

A. ENVIRONMENTAL TEST TECHNIQUES 

1 . Solar Simulation 

The illumination source used throughout this test program was a 
Spectrolab Model X25L close-filtered solar simulator. This simulator uses 
19 lenticular lenses in the optical system; these lenses filter and uniformly 
distribute a relatively collimated light beam at specific distances from a 

2, 5-kW short arc xenon lamp so that the resultant spectral distribution 
approaches that of space sunlight. The light beam provides a 30. 5-cm-diam- 
eter beam pattern having a uniformity of approximately ±2% at the test plane 
and an illumination level of 140 mW/cm^ (one solar constant). All solar cells 
measured under the solar simulator were measured at 140 mW/cm^ and a 
test temperature of 28 ±1®C. The solar intensity and spectral integrity of the 
solar simulator were constantly monitored and maintained in conjunction with 
the NASA/JPL solar cell standardization program. 

2. Contact Pull- Strength Test 

The tabs used in the performance of the pull- strength tests were fabri- 
cated from tin-plated, photo-etched Kovar (iron, nickel, and cobalt alloy), 
having a thickness of 0. 1 mm. Each test tab was bent in a forming fixture at 
a 90-deg angle before being soldered to the cell. The soldering operation was 
accomplished semiautomatically by use of a Sippican RS-333 Reflow Soldering 
System . A solder preform was added to all nonsolder-coated solar cells; its 
composition was 62% tin, 36% lead, and 2% silver. 

The area on the cell contact to which the tabs may be soldered was 
carefully defined to eliminate extraneous effects and to enhance the uniformity 
of cell-to-cell contacts. After soldering, the tab was inspected to ensure its 
location within the area allowed, as shown in Fig. 1, and to determine that the 


Sippican Corp., Industrial Products Division, Mattapoisett, Mass. 
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joint itself was acceptable. The solder joint area, assuming an additional 
area of about 10% for the solder fillet, was calculated to be 3, 42 mm , Tab- 
cell joints that exhibited excessive solder, incomplete solder, or an incomplete 
solder joint were rejected and not tested. It was found that many apparent 
inconsistencies in contact pull- strength results were the result of improper 
tab soldering techniques and that strict adherence to the solder joint inspection 
criteria was mandatory if meaningful results were to be obtained, 

A second major source of anomalous pull- strength test results was found 
to be the result of variations in the soldering technique, and the precise control 
associated with the following technique described has served to greatly mini- 
mize such variations. To minimize electrode heating during the soldering 
reflow operation, the solder time -temperature profile or heat cycle was pulsed 
twice at a reduced voltage to obtain consistent and uniform soldering. An 
applied electrode load of 3. 3 kg was used, and a total elapsed time of about 
4 s for each soldering operation was maintained. This operator-independent 
soldering technique was developed to minimize the effects of variations in the 
soldering operation. 

A third major source of anomalous pull- strength test results was found 

associated with variations in the pull rate, and careful control of the pull rate 

minimized variations in pull strength. The contact pull- strength tests were 

2 

performed with an Instron Universal Material Test Machine, Model TM-1. 

A special test fixture was used, which adapted to cells of varying dimensions 
so that the cells could be mounted and properly aligned perpendicular to the 
direction of the applied load. The contacts were pulled at a constant rate of 
0.084 ±0. 008 cm/s, which corresponds to 5. 04 cm/min, until complete separ- 
ation occurs- The resiiltant contact strength was recorded on a strip chart 
recorder in the form of a stress- strain characteristic curve. After separation, 
the test specimens were reinspected and analyzed for the interfacial character- 
istics that led to the separation (e.g., solder failure, contact delamination, 
broken cells, defective tabs, etc. ). By careful control of the materials, 
processes, techniques, and inspections involved in performing the contact 
pull- strength tests, the effects of extraneous variables on the test results were 
minimized and the validity of the test results greatly enhanced. Further 
details are given in Ref. 2 5. 


^ Instron Engineering Corp., Long Beach, Calif. 
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3. 


150°C Storage for 12 Days 


The tests were conducted in a self-contained Missimers Model FTIO- 
100X500 temperature oven capable of operating at set-point temperatures from 
-73 to 260“ C {-100 to 500“F). To minimize temperature gradients throughout 
the workspace (0. 28 m^), air was recirculated by employing the use of an 
internally mounted corrosion- resistant blower. A vapor- sealed shaft assembly 
was used to couple an externally mounted motor to the blower through the 
insulated wall of the test chamber to assure long trouble-free operation and 
maintain test validity. The workspace was 76 cm wide X 61 cm deep X 61 cm 
high and was heated by rapid- response electric air heaters mounted so that 
radiant heat energy would not be directly transmitted to the test specimens, 

The heaters were cycled by heavy-duty magnetic contactors. To prevent an 
excessively high temperature, a safety thermostat was also included in the 
control circuit. Temperatures within the workspace were monitored and 
controlled by a Brown thermocouple potentiometer instrument. The system 
has a 30- cm diameter circular chart for recording oven temperature and a 
circiolar cam that is preshaped for programming temperature. The temper- 
ature control assembly is said to have an accuracy of ±0.25% and sensitivity 
of 0. 03% or better of full scale. Besides having the feature of a thermocouple 
break protection circuit, temperature control was provided by a time-propor- 
tional control instrument. 

The normal procedure used for these long-term temperature storage 
tests was to cycle the liquid refrigerant (CO 2 ) and/or hot gas and bypass the 
solenoid valves, thereby permitting the compressor to run continuously to 
eliminate short cycling, which would result in compressor overheating due to 
frequent starting. Heat balance, which depends on set-point temperature, is 
provided by the radiant heat source and two cascaded mechanical refrigeration 
systems . 

For handling of solar cells to and from the Missimers oven, a 28 X 41 -cm 
aluminum tray lined with an 0. 317-cm-thick Teflon sheet was used. The test 
cells were laid with the sensitive surface facing upward in the tray. Power for 
the oven was never reduced or turned off. The mass of the steel tray and 
teflon sheet caused some lag in cell temperature rise or decay rates when they 
were placed or removed from the temperature oven, thereby minimizing and/or 
reducing thermal stresses resulting from shock. For additional details see 
Ref. 26. 
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4. 


Thermal Shock 


The thermal shock tests were accomplished by manually and rapidly 
cycling the cells through baths of boiling distilled water {+100° C) and liquid 
nitrogen (-196° C). To facilitate handling of the cells during cycling and to 
eliminate the possibility of cells striking one another, the cells were loaded in 
a specially fabricated teflon coated cage, designed to restrict cell motion. The 
cells, before immersion in either of the baths, were lowered, in the cage, to 
a region just above the surface of the bath fluid and held for one minute before 
complete immersion was effected. After immersion in the fluid, the cells 
were again held just above the surface for one minute. A copper -constantan 
thermocouple attached to one cell was used to ascertain the time -temperature 
profile by means of the millivolt output of the thermocouple. 

5. Temperature-Humidity Tests 

The temperature -humidity environmental tests described in this report 
were conducted in a Conrad Model FD 32-5-S test chamber, which produces a 
humid condition by means of a stream-generating system in which moisture is 
admitted to the chamber in the form of low-pressure steam. A relative 
humidity of 95% was maintained by a programmable cam in which both the dry 
bulb temperature and wet bulb temperature were independently controlled 
from cam disks cut to produce a predetermined succession of temperatures. 

As these two cams rotate, at any one moment a dry bulb temperature is pro- 
duced concurrently with a wet bulb temperature in the test chamber, which 
yields the desired relative humidity. The test specimens (solar cells) were 
placed on Teflon- coated metal screen cages adjacent to the wet bulb and dry 
bulb humidity instruments. To minimize water condensation on the test sam- 
ples, an inverted V-shaped shield was installed between the test specimens 
and the top of the chamber. The temperature of 80 ±2° C was maintained by 
using a proportional temperature controller and was monitored by means of 
Leeds and Northrup Model Speedomax G temperature strip chart recorders. 

The test specimen heat source was provided by Inconel- sheathed electrical 
heaters. The dehumidifying operation was controlled to minimize water 
condensation on the test specimens by employing a refrigeration coil, which 
was located under the work deck at the floor of the chamber. This coil is fed 
refrigerant when the dehumidifying solenoid is in the open mode. When the 
coil cools below the dew point in the chamber, moisture condenses onto the 
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coil. As the coil is brought below the freezing point of water, the moisture is 
trapped or collected on the cooled coil as frost. When the dehumidifying 
period is completed, the frost is melted off the coil and the precipitated water 
is then drained out of the chamber. Additional details are given in Ref. 27. 

6 . Vacuum- Temperature Test, 125°C for IZ Days 

The vacuum chamber utilized for these tests was a modified CEC 
chamber, the modifications including replacement of mechanical valves by 
pneumatic valves activated by an external control unit automated to insure 
maintenance of specified pressure levels. The system utilizes a Welch, Model 
1397 mechanical roughing pump and a high-vacuum diffusion pump. The tem- 
perature source consists of a cylindrical container 40,6 cm (16 in, ) high and 
21.6 cm (8. 5 in. ) in diameter. Ten 250-W Chromalux strip heaters are 
mechanically mounted to the exterior of the cylinder with metal bands, with 
parallel attachments to the heaters by means of copper interconnectors . The 
heat input is varied by means of a dual-type V20-20A Variac, with fine voltage 
control achieved through the control circuit within a Leeds and Northrop 
Speedomax H strip chart recorder, which also serves to monitor the tempera- 
ture. The test specimens (cells) were mounted on five separate circular 
aluminum plates (17. 8 cm in diameter, 0. 08 cm thick), which were stacked 
with a spacing of 5 cm within the cylinder, 

7. Solder-Melt Test, 215''C for 2 min. 

The test articles (cells) were mounted on an aluminum test plate having 
dimensions of 5 cm (2 in. ) X i 1 . 45 cm (5 in, ) X 0.16 cm (0. 062 in. ), which in 
turn was mounted on a Model SP-A-102 5B temperature-controlled hot plate. 

The temperature was monitored by means of a copper- constantan thermocouple 
attached to the center of the solar cell mounting plate in conjunction with a 
Leeds and Northrop Millivolt Potentiometer, Model 8690. The temperature 
was adjusted utilizing the test plate upon which were mounted dummy cells. 

The test fixture was designed to accommodate a total of 8 cells having dimen- 
sions of 2 cm X 2 cm. The variation of temperature from specified temper- 
ature was found to be no greater than ±3^ C. Approximately 1. 5 min were 
required to achieve the desired temperature, after which the cells (on the 
test plate) were allowed to remain on the hot plate for 2 min. The test plate 
was then removed from the hot plate and allowed to cool, with particular 
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attention given to minimize disturbance of the cells while the solder was molten. 
8. Electron Irradiation 

The radiation laboratory is built around a 3-MeV Dynamitron acceler- 
ator manufactured by Radiation Dynamics Inc. This machine produces a 
usefvil electron beam in the range of energies between 0, 6 and 2. 3 MeV at 
electron currents up to 2 mA. This high current capability makes this 
machine ideal for the irradiation of large areas with high flux rates. The 
electron beam can be directed (horizontally) down a beam transport system 
into either one of two experimental areas. Patch panels installed in each 
area allow routing of signals to a central data area near the accelerator 
control console. 

One experimental area is devoted to a semipermanent installation of a 
vacuum chamber designed for measuring radiation effects in solar cells. An 
Aerospace Controls Model 302 Solar Simulator is coupled into the vacuum 
producing a beam of light on a 5 — in, — square test plane. The 
simulator beam closely approximates solar radiation at one astronomical unit 
in both intensity and spectrum. All optics are ground from 7940 fused silica 
for maximum resistance to radiation darkening. The target area is a temper- 
ature controlled block with a set point variable between -150°C and +150°C, 
Provision is made for the simultaneous irradiation of up to 14 solar cells on 
this target plane with subsequent m situ measurement of their electrical 
parameters using the solar simulator and a remote test console. A thin alumi- 
num or copper scattering foil is used to spread the electron beam uniformly 
over the target area. A small Faraday cup is mounted in the center of the 
target area for measuring the electron exposure level. All areas struck by 
the beam are water cooled (including the scattering foil). A liquid nitrogen 
shroud in the chamber is used during solar cell radiations to trap diffusion 
and fore-pump oil (even though the pumping system is LN 2 trapped), and to 
cryopump the chamber. 
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B. ENVIRONMENTAL TEST RESULTS 
1 . Lot 1 Cells 


a. Cells Environmentally Exposed Prior to Irradiation. These results 
can be neatly described after the 12-day test at 150°C and the 2-min test at 
21 5° C, for both sintered and unsintered contact cells, by stating simply that 
there was essentially no electrical degradation in any of the electrical charac- 
teristics as a result of these two tests as shown in Table 52. 

Table 52 also shows, however, that cells exposed to thermal shocks 
(5 cycles of +100 to -196“ C) suffered very severe degradation of the electrical 
characteristics. The short circuit current was degraded by only about 2% for 
the sintered contact cells but around 12% for the unsintered contact cells. The 
open circuit voltage was degraded also by about 2% for the sintered contact 
cells and by about 5% for the unsintered contact cells. The maximum power 
degradation was very severe for both sintered and unsintered cells, and was 
degraded about 12% in the former case and 27% in the latter case. Thus, the 
maximum power degradation for the sintered cells was due primarily to curve 
shape degradation while for the unsintered cells it was primarily due to both 
curve shape degradation and short circuit current degradation. While the 
power loss was unacceptably high for both sintered and unsintered cells, the 
loss in nonsinter ed cell maximum power was about twice as great as that for 
the sintered cell power loss. It should be noted that this test is a particularly 
severe one, and not necessarily applicable to most missions; however, it is 
quite apparent that the panel designer who considers using lithium-doped cells 
fabricated to the same design used on this pilot line must carefully test the 
cells with respect to the particular thermal cycling and/or shock requirements 
appropriate to the mission for which the cells are being considered. It is 
unknown at this time what effect a large number of shallower temperature 
excursions would have on the cell operating characteristics; however, this 
might also be a problem area. In addition, for mission qualification of thermal 
cycling capabilities, the cells should be tested after mounting to a sample sub- 
strate and interconnected in the manner appropriate to the final design of the 
array, rather than tested as individual cells. If however, as in the case here, 
one wishes to determine whether the cell should be considered at all, it is 
appropriate to first test the cells alone under the thermal cycling conditions 
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appropriate to the mission, since, if the cells alone cannot stand the environ- 
ment, it is pretty well assured that the cells mounted and interconnected to 
form an array would be even less likely to survive. It should be noted that the 
cells tested here were solder coated, and it is not known whether the elimi- 
nation. of solder coating would mitigate the degradations associated with thermal 
shock tests or, indeed, if similar results would not be obtained with nonlithium- 
doped P/N cells fabricated in a similar manner. 

b, IZ-Day Soak at 150°C, As shown in Tables 1 and 2, prior to 
irradiation to a fluence of 1 X 10^^ e/cm^, the sintered and unsintered lithium- 
doped cells had approximately the same short circuit current and open circuit 
voltage as one another. The maximum power, however, of the sintered cells 
was 2 to 3 mW higher than the unsintered cells. After irradiation by 1 -MeV 
electrons to 1 X 10^^ e/cm^, the average short circuit current and open circuit 
voltage of sintered and unsintered cells were similar to one another and the 
maximum power difference was now less than 2 mW due to an approximate 1% 
lower degradation rate after annealing of the unsintered cells. As shown in 
Tables 9 and 10, prior to 1 -MeV electron irradiation to 3 X 10^^ e/cm , the 
sintered cells had an approximate 3-mA lower short circuit current and 5-mW 
higher open circuit voltage than the unsintered cells, while the maximum 
power was still 2 mW higher for the sintered cell than for the unsintered cell. 
Since the selection of cells for the two different fluences was random, the dif- 
ferences in short circuit current and open circuit voltage between sintered and 
unsintered cells reflect the normal spread of possible values, whereas the 
maximum power seems to be approximately 2 mW higher for the sintered cells 
than for the unsintered cells in both cases. After exposure to and recovery 
from a I -MeV electron fluence of 3 X 10^^ e/cm^, the short circuit current 
difference between sintered and unsintered cells is reduced to 1 , 5 mA, as 
opposed to the 3-mA difference prior to irradiation. The open circuit voltage 
of the sintered cells was now 13 mV higher than the unsintered cell, and the 
maximum power now 3 mW higher than the unsintered cells. In the case of 
the higher flu'ence exposures, the unsintered cells exhibited a 2% higher degrad- 
ation rate than the sintered cells, whereas at the lower fluence, the unsintered 
cells exhibited a slightly lower degradation rate. It is not known whether this 
is a real effect or simply due to normal variations in the cells. In any case, 
the differences are not large. 
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c. Cells Exposed for 2 min at Z15°C (Solder Melt), As shown in 
Tables 3 and 4, prior to irradiation, the sintered cells exhibited the 2- to 
3-mW higher average maximum power than the unsintered cells, as was 
observed in the previous test. The degradation rate of the electrical param- 
eters after recovery from exposure to 1 X 10^ e/cm'' was not significantly 
different between the sintered and unsintered groups. As shown in Tables 11 
and 12 after recovery from exposure to 3 X 10 e/cm , the msocimum power 
of the unsintered cells appear to degrade at a rate 3% slower than sintered 
cells, so that the recovered maximum power of both sintered and unsintered 
cells were similar. This can be contrasted with the results of the previous 
test in which the maximum power advantage of the sintered cells was main- 
tained after exposure to this higher fluence. 

d. 5 Cycles from 4100 to -196*^C (Thermal Shock) . The effects of this 
test on the performance of the lithium-doped solar cells were disastrous, and 
indicate a major weakness of solder-coated lithium-doped solar cells with 
titanium- silver contacts. Severe mechanical damage, consisting basically of 
silicon fracture as shown in Fig. 2, was observed on many cells subjected to 
this test* This not only adversely affected the mechanical strength of the 
contacts, but the electrical characteristics of the cells exposed to this environ- 
ment as well. Most cells, whether exposed to environments or not, exhibited 
short circuit currents in the range of 140 to 145 mA, whereas cells exposed to 
thermal shock ranged from 129 to 144 mA, Open circuit voltages normally 
ranged between 590 and 620 mV and maximum power ranged normally between 

6 0 and 67 mW. In constrast, as shown in Tables 5, 6, 13, and 14, cells 
exposed to the thermal shock exhibited values ranging between 579 and 610 mV 
and 46 and 6 5 mW for open circuit voltage and maximum power, respectively. 
Thus, it can be seen that while some cells exposed to the thermal shock environ- 
ment suffered little electrical degradation, others exhibited very large degrees 
of electrical degradation. This is reflected in the larger 95% confidence limits 
associated with the thermal shock exposed cells, which were found to be usually 
2 to 4 times as great as cells either not exposed to any environment or to cells 
exposed to the other environments. For cells exposed to this thermal shock 
test, a very decided difference was observed between the results of the cells 
with sintered contacts (Tables 5 and 13) and those with unsintered contacts 
(Tables 6 and 14). Whereas for unexposed cells and cells exposed to the other 
environments, very little difference was observed between the behavior of 
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sintered and unsintered cells (in most cases the 95% confidence limits over- 
lapped one another for sintered and unsintered cells), a very significant differ- 
ence in all electrical parameters was observed between the sintered (Tables 5 
and 13) and unsintered (Tables 6 and 14) cells exposed to the thermal shock. 

The electrical parameters of the sintered cells were invariably and significantly 
higher than those of the unsintered cells. As shown in Table 5, prior to expo- 
sure to 1-MeV electron irradiation at 1 X 10^^ e/cm^, the sintered group of 
cells showed average short circuit currents 14 mA higher, open circuit voltage 
20 mV higher, and maocimum power 11 mW higher than the average unsintered 
groups, shown in Table 6, Similar results were observed with respect to the 
3 X 10^^ e/cm^ irradiation, with the average short circuit current, open 
circuit voltage, and maximum power of the sintered cells being 11 mA 20 mV, 
and 10 mw higher than the unsintered group (Tables 6 and 14 respectively). It 
is mentioned above that the 95% confidence limits of the unsintered group were 
approximately 2 to 4 times as large as those of the sintered group. After irra- 
diation by 1-MeV electrons to 1 X lO^'* e/cm^, the recovered short circuit 
current, open circuit voltage, and maximum power of the sintered groups were, 
respectively, 11 mA, 21 mV, and 10 mW higher than the unsintered groups. 
After exposure to 1 -MeV electrons to a fluence of 3 X 10 e/cm , the recov- 
ered short circuit current, open circuit voltage, and maximum power of the 
sintered group were 9 mA, 12 mV, and 6 mW higher than for the unsintered 
group. It can be seen that the msiximum power parameter after recovery from 
the high fluence (Tables 13 and 14) exhibits a somewhat smaller difference 
between sintered and unsintered cells than that after recovery from the 
preirradiation condition, due to a 2% slower degradation rate for the unsintered 
cells after recovery from this fluence. 

e. Lot 1 Cells not Environmentally Exposed. The average initial 
electrical characteristics of the group of cells to be exposed to 1 -MeV electrons 
at a fluence of 1 X 10^"^ e/cm^ were very similar for both sintered and unsin- 
tered cells as shown in Tables 7 and 8, respectively. After recovery from 
exposure to this fluence, the electricial characteristics of both sintered and 
unsintered groups were also similar, indicating a similar degradation rate 
associated with the sintered and unsintered cell types. As shown in Tables 15 
and 16, the group of cells selected for exposure to 1-MeV electron fluence of 
3 X 10^^ e/cm show what is believed to be a quirk of selection in that the 
short circuit current of the sintered cells averaged 10 mA higher than that of 
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the unsintered cells* This is not believed to be a '^real'^ difference but rather 
the ’luck of the draw” in selecting the samples for this test. The maximum 
power of the sintered cells shown in Table 15, averaged 2 mW higher than the 
unsintered cells prior to exposure. After recovery from exposure to this 
fluence, the short circuit current of the sintered cells appeared to average 
7 mA higher while the open circuit voltage averaged 10 mV lower than the unsin- 
tered cells shown in Table 16. The recovered maximum powers were essen- 
tially similar for sintered and unsintered cells, indicating a 3% lower degra- 
dation rate for the unsintered cells. It is of interest to note that the short 
circuit current of the sintered cells prior to irradiation was unusually high 
compared with the other groups of preirradiation cells, having a short circuit 
current of 149 mA as opposed to the normal spread of 140 to 145 mA. In con- 
trast, the unirradiated, unsintered cells were at the lower end of this range at 
about 139 mA. This gave rise to the 10-mA difference in short circuit current 
between sintered and unsintered cells. After irradiation, however, the recov- 
ered average short circuit difference was only 7 mA, indicating a lower degra- 
dation rate of recovered short circuit current for the unsintered cells, which 
coincidentally had lower starting short circuit current averages. While the 
maximum power of the sintered cells prior to irradiation to the high fluence 
was 2 mW higher on the average than for the unsintered cells (Tables 15 and 
16 respectively), the maximum power averages for the sintered and unsintered 
cells after recovery from exposure to this fluence were essentially similar 
because of a 3% lower degradation rate in the maximum power parameter 
(composed of about a 1% lower degradation rate for short circuit current and 
a 2% lower degradation rate for open circuit voltage) applica^ble to the unsintered 
cells. 

In summarizing the results of the cells exposed to the 1-MeV electron 
radiation fluence s but not to the environmental tests, it can be seen that after 
recovery from the lower fluence (1 X 10'^'* e/cm"^), the average short circuit 
currents, open circuit voltages, and maximum powers, as well as the recovered 
degradation rates of these parameters, were similar for both the sintered and 
nonsintered cells* At the higher 1-MeV electron fluence (3 X 10^^ e/cm^), the 
average degradation rate of short circuit current, open circuit voltage, and 
maximum power appear to be lower for the unsintered cells than for the sin- 
tered cell. The results of the 12 -day exposure to 15CC environment indicated 
an approximate 1% lower recovered maximum, power degradation rate for the 
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unsintered cells, which agrees pretty well with the nonenvironmentally exposed 
test results. At the higher fluence, however, the short circuit current, open 
circuit voltage, and maximum power indicated a higher, rather than lower 
degradation rate for the unsintered cells, {Unsintered cells exhibited a Z% 
higher maximum power degradation rate for environmentally exposed cells 
vs a 3% lower degradation rate for unsintered cells for the nonenvironmentally 
exposed cells). For exposures at 21 5° C for 2 min, the degradation rates after 
recovery of all parameters appear to be similar for the sintered and unsintered 
cells after exposure to the lower fluence, which agrees with the results of the 
test on the nonenvironmentally exposed cells. After exposure to the higher 
1-MeV electron fluence, the recovered maximum power of the unsintered cells 
appears to degrade approximately 2% slower than sintered cells, which is in 
agreement with nonenvironmentally exposed sintered cells at this fluence level, 
which indicated an approximate 3% slower power degradation rate. For the 
group of cells exposed to 5 cycles of thermal shock (+100 to -196°C), degrad- 
ations were so catastrophic and 95% confidence limits were so large that 
probably not much confidence can be placed on the degradation rates, which, 
unexpectedly, agree rather well with the degradation rates obtained for the 
cells not exposed to environments at both lower and higher 1-MeV electron 
fluences. The electrical parameters of sintered and unsintered cells exposed 
to the thermal shock (Tables 5, 6, 13, and 14) have confidence limits consid- 
erably larger than those associated with the other tests; however, the unsin- 
tered cell confidence limits were 2 to 3 times larger than the sintered cell 
confidence limits for all electrical parameters recorded after the thermal 
shock test. 

f. Summary of Radiation Results on Lot 1 Cells. It is of interest to 
note that subjecting Lot 1 Lithium-doped cells to the various environments 
did not greatly affect the percentage degradation of the electrical characteristics 
after recovery from exposure to 1-MeV electron fluences of 1 X 10^ and 

1 r p 

3 X 10^^ e/cm . At the lower fluence the short circuit currents degraded 
between 7 and 9%, the open circuit voltages degraded between 2 and 4%, and 
the maximum power degraded between 7 and 9%, At the higher fluence the 
short circuit currents degraded between 22 and 25%, The open circuit voltage 
degraded between 16 and 21%, and the maximum power degraded between 3 5 
and 40%. The cells not environmentally exposed fell within these ranges, and 
in fact, appeared to be towards the upper edge of the degradation, that is, the 
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cells exhibited somewhat higher degradation. In general, the unsintered 
recovered cell maximum powers degraded at an equal or slightly slower rate 
than the sintered cells except at the 3 X 10^^ e/ cm^ exposure after 12 days at 
150°C. There was not, however, a great deal of difference between the behav- 
ior of the sintered and unsintered cells, except in the case of the thermal shock 
environment where the sintered cells appeared to be significantly better than 
the unsintered cells (but they were all terrible), 

g. Pull Strength Test Results on Lot 1 Cells 

(1) 1 2 Days at 1 50° C, The pull strength for both N and P sintered and 
unsintered contacts all appeared to be between 10^9 and 1198 g for exposure 
to this environment as shown in Tables 28 through 31; that is, they were all 
very similar to one another. The largest variation in 95% confidence limits 
was for the N contact on the unsintered cells. In comparison with the unex- 
posed N contact for the unsintered cells the percentage degradation for the 
exposed cells seems rather high, but if one examines the unexposed absolute 
strength it appears to be higher (1499 g) than most other values obtained, so 
that the absolute value after exposure is still quite high (1198 g), 

(2) Lot 1 Cells Exposed to 21 5° C. The N contacts of the sintered cells 
appear to be significantly lower in average contact strength than the N contacts 
of the unsintered cells or than the P contacts of both the sintered and unsintered 
cells, as shown in Tables 33 and 35 respectively. The loss in N-contact pull 
strength for the sintered cells represents an approximate 25% reduction in 

pull strength over the unexposed case. It should be noted, however, that the 
811 g associated with the N contact of the sintered cell is still significantly 
above the minimum 500 g pull strength presently specified for Mariner -type 
solar cells. 

(3) Lot 1 Cells Exposed to Thermal Shock (5 Cycles +100 to -196° C, 

As discussed previously, many cells that underwent this environmental expo- 
sure suffered catastrophic failure. As it made little sense to perform pull 
tests on obviously fractured cells, the 10 samples selected for the pull test 
were examined, and only cells exhibiting little or no silicon fracture were 
actually tested. Thus the pull test results on these cells were not randomly 
selected as was the case for the other cells. The average pull strengths (with 
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respect to cells exposed to the other environments) of the selected cells (as 
shown in Tables 36 through 39) is of great interest because it clearly indicates 
that the degradations experienced in contact strength are not an inherent 
mechanism in this cell type. It is rather apparent that the observed severe 
silicon fracture is associated with process variables, and that by properly 
controlling the process, very high pull strengths can be achieved. This is to 
be seen for example in the fact the the N contact of the (screened) sintered 
cells had an average pull strength of better than 16 00 g as shown in Table 37, 
even more impressive when one notes that the plus or minus values associated 
with the 95% confidence limits was 873 g. The situation, then, with respect to 
the thermal shock environment appears to indicate an area that at the moment 
is quite disturbing, but that is clearly treatable with a reasonable amount of 
effort devoted to process improvement. 

2. Thermal Shock (+100 to -196° C) Test Performed on Lots 2 and^ 

Because of the significant degradations experienced as the result of 
exposure to this environment by the Lot 1 cells, similar tests were performed 
on Lot 2 and 3 cells. Since this problem did not become apparent until after 
Lot 2 had been fabricated, the cells from Lot 2 were essentially of the same 
design as Lot 1, After being advised of the sensitivity of the lithium-doped 
solar cells delivered in Lot 1 to thermal shock exposure and the fact that 
previous JPL investigations indicated that nonuniform solder coating tended 
to increase the severity of the silicon fracture that occurs as a result of the 
thermal shock (Refs, 25, 26, and 28) the contractor increased attention to 
insuring a uniform, thin solder coating in Lot 3, 

Results of the electrical measurements of the Lot 2 cells shown in Table 
17 indicated results similar to those obtained for the Lot 1 cells. The short 
circuit current decreased from about 142 to 126.2 mA. or a degradation of 
about 12% after exposure to this environment. The open circuit voltage 
decreased from about 611 mV to 518 mV, for a degradation of about 15%, and 
the maximum power decreased from 63, 3 mW to 41. 7 mW or a degradation of 
about 44%. The mechanical pull strength tests of Lot 2 sintered cells shown in 
Tables 40 and 41 indicated a 29% and a 2% degradation for the P and N contacts, 
respectively. The standard deviations obtained for the P- contact pull strengths 

similar for exposed and unexposed ceils, whereas the standard deviation 
almost twice as large for the exposed N-contact cell as for the unexposed 
N contacts. 
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The majority of cells fabricated for Lot 3 utilized the boron trichloride 
with oxygen carrier gas junction diffusion technique rather than the nitrogen 
carrier gas technique used for Lots 1 and Z, Twenty samples of Lot 3 cells 
fabricated with the oxygen carrier gas junction diffusion and five cells fabri- 
cated with the nitrogen gas junction diffusion were exposed to the thermal 
shock environment. There appeared to be little significant difference between 
the electrical results obtained on the cells fabricated by means of the two P/N 
junction diffusion techniques as shown in Tables 18 and 19. It should be noted, 
however, that the short circuit currents of even the unexposed cells for both 
types of diffusion were considerably below the normal range of short circuit 
currents for the cells of Lot 1 . The average cell maximum power of the two 
diffusion techniques were similar to one another (59.4 for the oxygen system 
versus 59. 6 for the nitrogen system) but were at the lower edge of the band of 
normal maximum powers obtained for the Lot 1 cells (which ranged between 60 
and 67 mW). 

After exposure to the thermal shock environment, a higher percentage 
degradation was observed in the short circuit current parameter after environ- 
mental exposure with respect to the nitrogen system cells (Table 19) than for 
the oxygen system cells (Table 18). The short circuit currents of the latter 
cells were similar to the percentage degradations experienced for the Lot 1 
cells. The percentage degradation of the maximum power parameter was also 
greater for the nitrogen-diffusion cells than the oxygen- diffusion cells (1Z% 
versus 7%), so that from a percentage maximum power degradation viewpoint, 
the oxygen-diffusion cells looked somewhat better than the Lot 1 cells, which 
had experienced a 12% degradation, similar to the nitrogen-diffusion cells of 
Lot 3. The absolute values of maximum power after exposure were, however, 
lower for the oxygen-diffusion and nitrogen-diffusion cells of Lot 3 (5 5. 4 and 
52, 6 mW, respectively) than for the sintered nitrogen- diffusion cells of Lot 1 
(58. 4 mW). It thus appears that the electrical quality of the cells fabricated 
for Lot 3 were somewhat inferior to these fabricated for Lot 1. In view of the 
lower absolute maximum power of Lot 3 cells after environmental exposure, 
as compared with the Lot 1 cells, the apparent improvement in maximum 
power percentage degradation of the oxygen- diffusion cells might be of dubious 
benefit. 

The pull strength of cells from Lot 3 unexposed to the thermal cycle 
environment was also found to be considerably below that of the sintered cells 
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from Lot 1. Whereas the average pull strength for either P or N contacts for 
the Lot 1 sintered cells were approximately 1100 g or better, pull strengths 
of unexposed cells of Lot 3 were never much higher than 900 g. This is the 
case for both cells diffused in the oxygen and nitrogen carrier gases. On a 
more positive note, the pull strengths of both oxygen and nitrogen-diffusion 
cells of Lot 3 did not appear to undergo degradation as a result of exposure to 
the thermal shock environment, and therefore these cells greatly exceeded the 
500-g pull strength minimum specified for Mariner-type solar cells. These 
results indicate that further work must be done with respect to cell contacting 
and solder coating in order to preserve the electrical characteristics after 
exposure to the thermal shock environment. 

3 . Comparison Between Environmental Tests on Lot 4 and Lot 1 Cells 

The cells for Lot 4 were fabricated utilizing the boron tricholoride 
with oxygen carrier gas technique for P/N junction diffusion and utilized sin- 
tered titanium- silver solder coated contacts. As discussed previously, cell 
power output cells from this lot were on the average 10 to 15% below those 
achieved for Lots 1 and 2. 

For the 12-day soak at 150“C ambient laboratory conditions, it was 
found that the average short circuit current of Lot 4 was about 14 mA lower 
than was observed for Lot 1. The open circuit voltage of Lot 4 cells was about 
2 5 mV below Lot 1 and the maiximum power was about 9 mW below those of Lot 
1 cells. No significant electrical degradation was observed in the electrical 
characteristics for either Lot 1 or Lot 4 cells. The lower postexposure short 
circuit current, open circuit voltage, and maximum power for the lot of 4 cells 
were simply a result of the lower preexposure values of these cells. The 95% 
confidence limits associated with the Lot 1 and Lot 4 cells were similar to one 
another for each of the electrical parameters investigated. Similar results 
were obtained with respect to the electrical characteristics of Lot 4 and 1 cells 
exposed to 21 5" C for 2 min (solder melt tests). The short circuit current, 
open circuit voltage, and maximum power of Lot 4 cells were lower than those 
of the Lot 1 cells by 14 mA, 15 mV and 8. 5 mW, respectively. Again, no 
electrical degradation was observed as a result of the tests for either Lot 4 or 
Lot 1 cells, and the 95% confidence limits associated with the parameters were 
similar for the cell Lots 1 and 4, 
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After exposure to 5 thermal cycles of H-lOO to -1 96*^0, the short circuit 
current and open circuit voltage of Lot 4 cells were lower than those of Lot 1 
cells by 13 mA and 13 mV, respectively. The average maximum power, 
however, of the Lot 4 cells was lower by approximately 4. 5 mW than the Lot 1 
cells, in contract to the 9-mW difference observed in the previous two environ- 
mental tests. Hence, for this test, the Lot 4 cells appear to preserve their 
curve shape somewhat better than the Lot 1 cells. This can further be seen by 
examining the percentage degradation associated with the two cell lots. The 
Lot 4 cells degraded 1. 5% in short circuit current as opposed to 2% for the Lot 
1 cells. Both the Lot 4 and Lot 1 cells degraded about 2% in open circuit 
voltage. In contrast, the average maximum power of the Lot 4 cells degraded 
only 8% as opposed to the 12% degradation observed for the Lot 1 cell average 
maximum power. Thus, the efforts to control the solder thickness appear to 
have resulted in some improvement in the electrical curve shape after the 
thermal shock test, although the spread in maximum power, indicated by the 
95% confidence limits, was quite similar for the two lots, indicating little 
improvement in celLto-cell variability. 

Contact pull strength tests performed on Lot 4 cells exposed to the 
above environments as shown in Tables 44 through 47 indicated that while 
unexposed P- and N-contact pull strengths were similar, averaging 876 and 
744 g respectively, in general, the P contacts after exposure were 200 to 300 g 
higher than the N-contact piill strengths. After environmental tests the contact 
pull strength of Lot 4 appeared to vary between 800 and 1000 g and the N-contact 
strength varied between 500 and 700 g. This can be compared with pull 
strengths for Lot 1 cells that exhibited N- and P-contact strengths between 
1070 and 1200 g. Thus, the absolute final pull strengths of cells from Lot 4 
were considerably below those observed for the Lot 1 cells. 

After an exposure of 12 days at a temperature of 150°C the Lot 4 cells 
exhibited average P- contact strength of about 962 g and N-contact strength of 
about 6 00 g as shown in Tables 46 and 47, respectively. This can be contrasted 
with cells from Lot 1, which exhibited average P- contact strength of 1183 g and 
N-contact strength of 1072 g as shown in Tables 28 and 29- Thus, the cells 
from Lot 1 exhibited similar P- and N-contact strengths whereas the cells from 
Lot 4 exhibited an almost 400-g difference between the P- and N-contact 
strengths. The average P-contact strength of Lot 4 cells was about 200 g 
lower than the Lot 1 cells and the average N-contact strength of Lot 4 cells 
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was about 600 g lower than the N-contact strength of the Lot 1 cells. The 
9 5% confidence limits indicated that the variation in pull strengths of the P 
contact is about twice as large for the Lot 1 cells as for the Lot 4 cells (523 g 
vs 176 g). The Lot 4 cells exhibited essentially no degradation in average 
pull strength of the P contact and a more than 18% degradation in N-contact 
pull strength, as opposed to a 7% degradation P-contact pull strength for Lot 1 
cells and a 2% degradation in pull strength of the N contact for the Lot 1 cells. 
Thus the N contact of the Lot 4 cells appears to be significantly inferior to 
those of the Lot 1 cells from the point of view of absolute contact strength and 
percentage degradation after exposure to 150°C for 12 days. 

Cells from Lot 4 exposed to a temperature of 21 5° C for 2 min exhibited 
an average P-contact strength of 930 g and an N-contact strength of 687 g. 

This canjbe contrasted with results from Lot 1 cells similarly exposed, which 
exhibited an average P-contact strength of 1156 g and an average N-contact 
strength of 811 g. Hence, the absolute contact strengths of the P and N contacts 
of the Lot 4 cells were lower than those of the Lot 1 cells by 200 g. The P- 
contact pull strengths of the Lot 4 cells exhibited essentially no degradation 
resulting from exposure to the environment, and an 8% degradation in average 
N-contact strength. The Lot 1 cells had exhibited a 9% degradation of P-contact 
strength and a 26% degradation in N-contact strength as a result of this environ- 
ment. It therefore appears that from a percentage degradation basis, the Lot 
4 cells were superior to the Lot 1 cells in contact pull strength, but not on an 
absolute contact strength basis. 

With respect to the pull strength tests on the cells exposed to the thermal 
shock environment, it is difficult to really interpret the results of the tests. 

This is because, as discussed previously, these cells were visually selected 
to ensure that cells having experienced silicon fracture would not be pull 
tested, whereas cells having undergone the other environmental exposures 
were randomly selected for pull strength tests. Bearing this in mind, the 
following discussion considers only the actual numbers obtained, but does not 
imply that this would be the situation for a randomly selected sampling produc- 
tion lot. The P-contact strength of both Lots 1 and 4 (Tables 36 and 44, 
respectively) were similar at a value of about 1100 g. The average N-contact 
strength of the Lot 4 cells (Table 45) was significantly below that of the Lot 1 
cells (694 g vs 1607 g, respectively). The spread in values as indicated by the 
95% confidence limits was much greater for the Lot 1 cells (873 g) than for the 
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Lot 4 cells (190 g) for the N contact, while the 95% confidence limits were 
similar for both lots with respect to the P contact. 

The significantly larger spread in results, indicated by the 95% con- 
fidence limits, for the N-contact pull strength of Lot 1 cells, coupled with the 
above mentioned nonrandom selection of the cells, may, in fact, mean that 
there is no real difference in the contact strength between Lot 1 and Lot 4, 
Therefore, one can say with only a reasonable amount of certainty that the 
Lot 4 cells exhibited less curve shape degradation as a result of this test than 
did the Lot 1 cells, and that in this respect, more careful control in the solder 
thickness has been beneficial. 

4. Humidity-Temperature and Vacuum-Temperature Tests on Lot 4 Cells 

Cells from Lot 4 were exposed to a relative humidity of 95% for 14 
days at a temperature of 80“ C. As shown in Table 27 no degradation in cell 
electrical characteristics was observed as a result of this test. As indicated 
in Table 50 the P- contact pull strength of these cells after exposure averaged 
822 g vs 876 g for tests performed on unexposed cells, representing a degra- 
dation of about 6%. The 95% confidence limits of the exposed group indicate a 
spread of 232 g vs a spread of 67 g for the unexposed group. As shown in Table 
51, the N-contact strength after exposure was about 300 g below that of the 
P-contact strength and averaged 555 g. This can be compared with an N-contact 
strength for the unexposed group of 744 g, or a degradation of about 25%, The 
95% confidence limits were 147 g for the exposed group vs 99 g for the unex- 
posed group. The N-contact strength after this test was the lowest observed 
for all environmental exposure conditions, but was not vastly different from 
the 12-day exposure to 150°C test, which gave an average pull strength of 
600 g. In this test, as for the others performed on Lot 4 cells, it appears 
that the absolute pull strength of the N contact is considerably below that of 
the P contact. 

Cells from Lot 4 were also exposed to the 125“ C temperature soak in 
vacuum for a period of 12 days. The cells exhibited a slight (2%) degradation 
in short circuit current and maximum power as shown in Table 22. Pull 
strength tests performed on exposed cells indicated an average pull strength 
of 987 g for the P contact and 587 g for the N contact, as shown in Tables 48 
and 49 respectively, a difference of about 300 g between the P and N contact. 

As in the other environmental tests performed on Lot 4 cells, the N contact 
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had a significantly lower absolute pull strength than the P contact. These 
results can. be compared to the unexposed cell pull strength of 876 g and 744 
g for the P and N contacts, respectively. The confidence limits for the exposed 
cells were 214 g and 186 g for the P and N contacts, respectively, as opposed 
to 67 g and 99 g for P and N contacts, respectively, of the unexposed group, 
indicating a wider variation in pull strength as a result of exposure to this 
environment. 

Cells having undergone the vacuum-temperature test were exposed to 
1-MeV electron fluences of 1 X 10^"* and 3 X 10^^ e/cm^ and annealed for 720 
h at 60°C. The results are shown in Tables 23 and 24, respectively. At the 
lower fluence the recovered short circuit current, open circuit voltage, and 
maximum power exhibited a net degradation of 4%, 3%, and 7%, respectively. 
This can be compared with Lot 4 cells exposed to the radiation environment 
but not to the vacuum temperature environment shown in Tables 20 and 21, 
which indicated recovered short circuit current, open circuit voltage, and 
maximum power degradations of 6%, 3%, and 9%, respectively. At the higher 
fluence the net degradation after recovery of the short circuit current, open 
circuit voltage, and maximum power of the vacuum-temperature exposed cells 
were 19%, 18%, and 35%, respectively. This can be compared with irradiated 
cells not exposed to the vacuum temperature environment, which exhibited 
recovered short circuit current, open circuit voltage, and maximum power of 
29%, 17%, and 35%. Thus, it can be seen that exposure to the vacuum -temper- 
ature environment does not affect the recovery characteristics of these cells. 
Furthermore, there was not much difference in the 95% confidence limits 
between the higher and lower fluences, although the limits were slightly larger 
for the higher fluence. 


V. CONCLUSIONS 

Further work on improvement of the P/N-junction diffusion technique 
is clearly needed to improve the economics of fabrication of high- efficiency, 
lithium-doped silicon solar cells. Also work is needed to improve the thermal 
shock capabilities of cells having solder coated titanium- silver contacts. .More 
careful control of the contact solder thickness of the Lot 4 cells resulted in 
less electrical degradation as a result of exposure to thermal shocks than 
observed for cells in earlier cell lots that had more variable solder thickness. 
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Even for the Lot 4 cells, however, significant electrical and mechanical 
(silicon fracture) occurred during thermal shock. There are indications of 
possible problem areas with respect to cleaning requirements of the lithium 
evaporation syste'm, and formation of a metal- semiconductor barrier in sin- 
tered cells. 

The cell design utilized in the pilot^line gave uniform cell-to-cell lithium 
donor density gradients and, consequently, uniform irradiation recovery 
characteristics. The cells appeared to be stable after recovery from exposure 
to 1-MeV electron irradiations. Cells having very high efficiencies, in the 
upper 12% range, were fabricated during the course of this program. Exposure 
to the various environments discussed in this report did not appear to adversely 
affect the cell recovery characteristics after exposure to electrons having an 
energy of 1 MeV. 

The major conclusions are that the lithium-doped cell is not, at the 
present time, technologically ready for space applications, that further engi- 
neering improvements are required, and that high- efficiency, radiation- 
tolerant, stable, lithium-doped cells can be reproducibly manufactured. 
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Table 1. Lot 1 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 1 X e/cm2; ceils previously exposed to 150°C for 12 days — sintered contacts 


TIME (hrs.) 


ISC IMAJ 

VOC IMVT 

IMP <MA1 

VMP CMVI 

PH4X IHUl 


AVEPaSE 

199,9000 

612.3200 

13P.9800 

50 5.6000 

66.2351 

.0 

95 P.C. C0N5. LIMITS 

B. !395 

6. 3606 

6.4714 

6,8337 

3.7993 


STftNQiPO OEVISTION 


5.1235 

5.2127 

5.5045 

3.0e03 


S VEPftSE 

tnp.9800 

534.7200 

99.6300 

996.9000 

99 .9203 

• 6 

95 P.C. CONP. LIMITS 

B.BB85 

1.9220 

6.585! 

2.9656 

3.0725 


STflM0»RD DEVIATION 


1.5992 

5,3093 

2.3053 

2.9799 


AVEPaSE 

in .B9O0 

537.4200 

102.0000 

447.10DD 

45.6S69 

.0 

95 P.C. CONP. LIMITS 

5.85B4 

2.5SI9 

6.7102 

9 .056" 

2.7239 


stamoapd deviation 

«l.7U3 

2.0595 

5.4051 

3.2677 

2.1991 


A VER&3E 

I33.08DC 

S6S.0600 

T 21. 6000 

967,6000 

57.0278 

D 

95 P.C. CONE. LIMITS 

5.7 7H 

9.61 97 

6.4928 

9, 31 95 

2.9396 


STANDflPD DEVIATION 


3. 721 1 

5.2269 

3.9759 

2.2933 


AVPPISE 

13«i.560D 

590,9300 

121.1000 

999.6000 

59,7425 

ts® .n 

95 P.C. CONE. LIMITS 

e .251 6 

2,9850 

S.8626 

5.1637 

3.9052 


STANDARD DEVIATION 

5.0 357 

2.9099 

5.5278 

9,1 593 

2.7423 


A VERAGE 

T33.0800 

59T.7000 

721.9200 

999 .2000 

60.3405 

720.0 

95 P.C. CONE. LIMITS 

S.*028r 

2,9293 

6.4445 

6.3922 

3,2544 


STANDARD DEVIATION 

4.6562 

2,2790 

5.1910 

5.1908 

2.6214 
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function of time at 60° C after irradiation by l--MeV 
*sed to 150°C for 12 days — unsintered contacts 


tfor iwvi 

IMP 

VHP IMtfJ 

PHAX (MWI 

612,6600 

I28,.4000 

498.4000 

65,7230 

2.4752 

3.2986 

15.0161 

1.6374 

1.9937 

2.6571 

12.0955 

1.5592 

532,8200 

97.8000 

434.100D 

42.7471 

1.2317 

1.9657 

10. 7606 

.6252 

.9922 

1.5B34 

8.6676 

.5020 

542,1000 

106,7800 

459.0000 

<16.9105 

3.1704 

1.8106 

1 2. 7560 

1.3371 

2.553S 

1 .4585 

10.2750 

1.1175 

569,0200 

119.0200 

459.1000 

59.7357 

4.D401 

2.84B1 

15.2972 

1.7742 

3,2543 

2.2942 

12.321 9 

1.4291 

580.3400 

119.5000 

472,6000 

56.5503 

2. 5310 

2.2457 

1 5.2705 

1.4360 

2.0387 

1.8083 

12,3004 

1.1567 


59?, 8600 
?.139I 
1 ,7?30 


13KS900 

1.9503 


4 81.8000 
T?.e767 
10.371 9 


58.6633 

1.1737 

.9502 



jpL Technical Memorandum 33-677 


Table 3. 
electrons 

TTMF (hrsO 

• 0 
•7 

24 ,0 
49*0 

7?n*o 


Lot 1 cell parameters prior to and as a function of time at 60;C after irradiation by 1-MeV 
to 1 X 10^^ e/cm^; cells previously exposed to 21 5° C for 2 min — sintered contacts 



ISC CMfil 

VPC tMV> 

1¥P 

VMP IMVl 

PMAX IKWl 

» vep»se: 

9S P.c. CONF. LIMITS 

STANOAPC dfviation 

147.3GOO 

3,6163 

2,9129 

619.4600 
9,3636 
7.945 1 

133,9900 

3,4543 

2,7825 

5D6.200n 

9.1397 

7.3621 

67.8275 

2.5195 

2,0234 

95 P.C. CONF. limits 

stanoar?:; deviation 

no, 9000 
M.2255 
3.9037 

535. 1200 
6,9070 
5,5636 

102,1400 

3,5427 

2,8536 

992.6000 

5.7731 

9.6503 

45.4660 

1.4896 

1.1998 

A VEPAGE 

95 p.c. CONF. LIMITS 
standard deviation 

T t2.9600 
3,4755 
2.7995 

53T.39D0 

9.3909 

7,9935 

103.4400 

3,4790 

2.9023 

995.7000 

10.9555 

9.8297 

96.1579 
1.866 1 
1.5032 

AVERAGE 

95 P.C. CONF. LIMITS 
STANDARD DEVIATION 

1 33,4000 
4, 744 5 
3,3217 

567.6G00 

18.8373 

15,1735 

122,5200 

4,9266 

3,9684 

965.1000 
T9, 9756 
11 ,9923 

57,0909 
3.8197 
3. 07 23 

average 

95 P.C. CONF. LIMITS 

standard deviation 

136.6000 
2,9393 
7 . 36 7 6 

581.9900 
11 .9V 70 
9.2206 

T23.0200 

3,1929 

2,5638 

981.2000 

10.2399 

8.2985 

59,2406 
1.77 39 
1.4289 

AVERAGE 

95 P.C. CONF. LIMITS 
STANDARD DEVIATION 

135,5200 
3,459 1 
2,7863 

592.5600 

8.7955 

7.09V5 

124,8200 

3,059! 

2.4641 

991.3000 

10.5216 

3.9751 

61.3793 
1.4574 
1 . 1740 


00 
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Table 4. Lot 1 cell parameters prior to and as a function of time at 60° C after irradiation by 1 -MeV 
electrons to 1 X lO^^ e/cm^; cells previously exposed to 21 5° C for 2 min — unsintered contacts 


IriNF (hrs) 


TSC THAI 

VOC <HV1 

IMP that 

VMP (MV> 

PMAX fMU) 

.0 

«ve:r4se 

95 P.C. cowr. LIKITS 
ST#ND*P0 0SVI»TI0N 

tM5,5400 

3,7«I2D 

61 9,3200 
4,2804 
3,4479 

128,2500 

4,5399 

3.6589 

499,9000 

8.6190 

6,9426 

69.1066 

2.6295 

2.1180 

! 

« VERiGE 

95 P.C, CONP, LIMITS 
STANDARD DEVIATION 

105,0000 
^•1 250 
3,3227 

53B.BOOO 

5,1253 

4,t2B4 

96,1600 

4,1736 

3,3679 

442.0D00 

5.0313 

4,0532 

42.8039 

1,4208 

1,1444 


AVERASE 

95 P.C, C0NF» LIMITS 
STANDARD DEVIATION 

tie, 5000 

3,5^172 

3,0999 

551 ,2200 
11.1322 
9.9670 

106.1400 

2.7123 

2.1847 

993.2000 

9,2279 

7,9330 

97.6299 

2.0051 

1.6151 


average 

95 P.C. CONE. LIMITS 
STANDARD DEVIATION 

t 29,7200 
3,M353 
2,76 7 I 

576.5800 
9,5629 
6. 8970 

1 77.9BOO 
3,0219 
2.4341 

967.2000 
7 . SO 90 
6.0977 

55.2205 

1.3529 

1.0897 

T6B.0 

average 

95 P.C. CONF. limits 

standard deviation 

131.0 300 
9.4757 
3.6052 

5«5,1900 

3.8365 

3.0903 

117,6000 

4,5550 

3,669! 

977,8000 

7.723t 

6.2209 

56.2572 

2.0173 

1.6249 

7 20,0 

avepage 

95 P.C. CONF. limits 
STANDARD DEVIATION 

1 30.2400 
4,6072 
3,7tl 1 

595.9900 

2.9099 

2.3939 

T19,39DD 

4,4039 

3.5473 

998,1000 
7,00 99 
5.696T 

58,3715 

1.6511 

1.3300 
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Table 5. Lot 1 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 1 X 10^^ e/cm^; cells previously exposed to 5 cycles of +100 to -196°C— sintered contacts 


TIMf (hra) 


ISC (MA 1 

VCC CMVl 

IMP CMA) 

VMP CMVT 

PMAX CMW) 

, 0 

AVEPaSF: 

95 P.C* CONP, tIHITS 
S TAMOARD TION 

7.1 ns 
5*7300 

599.66D0 
9. no 92 
7,255 9 

T23.280O 

7.3606 

5*9289 

466.0000 
1 7.6669 
19*2302 

57.454C 
3.6 029 

2.3021 

• 9 

95 PpC. COI^F, limits 
ST ftNOftRn DEVI AT ION 

105.9000 
«t.-30 3 3 
3.^663 

539.9500 

5.2325 

5.0205 

93*6600 

5.0217 

9.0950 

929.3000 

15*9226 

12.9229 

4 0.5290 
1.9671 
1.S006 


« VEP»SE 

95 P.C. CONF. LIMITS 
ST»N0ARn DEVIATION 

T 10.5000 
*<*5552 
3.5592 

590*1600 

10*9039 

3*7830 

97*5600 

9*9801 

3*6087 

931*6000 

12*9879 

10.0586 

42.1872 

2.7849 

2.2453 


AVESaGE 

95 P.C, CONE. LIMITS 
STANGARO DEVIATION 

1 30*7600 
9.6t,57 
3.7«i2l 

570*5800 

11*2690 

9.0769 

119.7600 

5.518! 

9*9999 

950*1000 

19.7195 

11*8566 

51,7742 
2. 6160 
2.1072 


AVERAGE 

95 P.C. CONF. LIMITS 
STANDARD DEVIATION 

1 7! .9900 
5.2507 
9*2295 

57S.9SDD 

9*3089 

7*0956 

1 19 *9200 
5.3091 
9*2765 

958.BOOO 

16.2911 

13*1225 

52. 5810 
2.7005 
2.1751 

7?n*o 

average 

95 P.C. CONF. LIMITS 
STANDARD DEVIATION 

130.9 900 
5*9097 
9.6739 

597*5200 

9*2332 

6-6319 

1 1 9*5600 
6,0939 
9*8680 

966.0000 
15*8159 
1 2. 73 97 

53.5467 

3.0305 

2.4411 


U) 

ui 
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Table 6. Lot 1 cell parameters prior to and as a function of time at 60'’ C after irradiation by 1-MeV 
electrons to 1 X 10^^ e/cm^; cells previously exposed to 5 cycles of +100 to - 1 96^ C — unsintered 
contacts 


TIMF (hrs.) 


ISC «MA) 

.0 

average: 

95 P.c, LIHITS 

ST ANOflPn DEVI AT ION 

129.9M0D 
tH.9225 
n .9395 

1 . 3 

A VEPAGE 

95 P.C. CONP, LIMITS 
STAWOftPD DEVIfl TION 

9^l.2«l00 
15.2959 
12.28 f 9 

,0 

AVERAGE 

95 P.C. CDN^. LIMITS 
STAK'DAPD DEVIATION 

102.5000 
19. IGBD 
19.5393 


A VEPA5E 

95 P.C. CONP. LIMITS 
STANDARD DEVIATION 

1 15.9900 
20. 3027 
IB. 55 38 

1 16^.0 

AVERAGE 

95 P.C. CONP. LIMITS 

standard deviation 

n 3.5 SOD 
20.3992 
15.3303 

720. 0 

A VEP AGE 

95 CONE. LIMITS 

S TANDARD oevia tion 

119. 3900 
21 .3998 
17.1983 


VOC IMV) 

IMP (HA| 

VMP <MV1 

PMtX IMU1 

579.1 800 

105.5800 

9 32.8000 

MS, 9381 

17.9173 

13.8316 

32.7950 

11,0282 

1 9.0297 

15.1688 

26.3781 

8.8816 

513.1200 

73.3000 

397.0000 

31.7774 

3.SB92 

19.0700 

29.8! 9! 

9.16 38 

7.9650 

15.3609 

29.0193 

7,3814 

526.9S00 

89.0300 

903.2000 

34.2340 

12.8282 

23.2329 

29.9929 

U.D979 

10.1709 

10.7191 

23. 7565 

8.9383 

593.5000 

99.8000 

916.2000 

40. 04 IS 

1 3.3902 

25.5077 

32.7309 

12.9 358 

!0.77T7 

20.5985 

28.3893 

10.3393 

555.9900 

97.0900 

922.8000 

41.5071 

19.B989 

25.3680 

33.8239 

13.0304 

1 1 .8399 

20.9909 

27.2952 

10.49 53 

5S6.3BOO 

99.1900 

939. 3000 

43.7780 

19.7903 

25.9975 

35.3290 

13.4973 

11.913S 

20.9979 

23.9575 

10.8721 
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Table 7. Lot 1 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 1 X 10^"^ e/cm^; no prior environmental exposure — sintered contacts 


J69.0 


72P.0 


* VER4EE 

95 P.C. COMP. LIMITS 
STANDftRt DEVIATION 

4VER45E: 

95 P.C» CONR. LIMITS 
SIAMOARO OEViariON 

4 VEP4GE 

95 P.C. CONP. LIMITS 
ST4ND4RD DEVI4TI0N 

4VEP4SF 

95 P;C. CONP. LIMITS 
ST4N04pn 0EVI4TION 

4VER4SE 

95 P.C. CONF. LIMITS 
5T4N04RD 0EVI4T10N 

4VEP4SE 

95 P.C. CONF. LIMITS 
ST4ND4RD DEVI4TI0N 


ISC CMB) 

tfOC IMVI 

IMP (M4> 

VMP {Ktf» 

PMAX IHWl 

5,23e& 

615.1200 

9.0582 

6.4909 

129.3400 

4.4870 

3.6143 

49B.B00n 
20. 7440 
16.7093 

64 .5373 
4.2125 
3.3931 

in?,cooo 

5. 0253 
U.dUlS 

535.6200 

3.7770 

3.0424 

97.72C0 

3.B5M2 

3.1046 

4 4D.7000 
I4.I5J7 
U.S61 9 

4 3. 36 81 
2.3022 
1.3544 

T09.5000 

795 

3.!;07ti 

539.1800 
5.7250 
4.6 tf 5 

100.3BD0 
4.1819 
3. 3695 

439,50DP 
t 5.659D 
12.6 125 

44 ,2353 
2.9021 
2.3377 

1 12^4000 
4.3602 
3^5t?2 

572.0800 

B.86B0 

7.1432 

120.5000 

3.3537 

3.1947 

461 . 9000 
20.6219 
16.6109 

55,7 574 
3.6797 
2. 96 40 

! 37^50DD 
4 .9752 
4 . no 7 5 

5B2.90Q0 

6.9239 

5.5006 

120.2800 

3.3851 

2.7267 

475,0000 
1 9 . 2 92 7 
15,5403 

57.2018 

3,0502 

2.4570 

1 32.4000 
5. 7!06 
4.5999 

592.2600 
7. 1459 
5.7560 

)?1.D200 
4. 35BB 
3.5110 

496.4000 
20,7959 
1 6, 7430 

59,9709 
3. 4779 
2.9013 
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electron’s to i ^ function of time at 60"C after irradiation by 1-MeV 

electrons to 1 X 10 4 e/cm^; no prior environmental exposure - unsintered contacts 


TTt«e (hrs.) 


ISC CMAI 

VOC IMV» 

IMP THA» 

VHP IHV> 

PMAX <MUI 

•0 

AVEP4SJT 

95 P.C, COMP, limits 
STAN04P0 DEVIATION 

J MV.16D0 
2.785 1 
2.2CJ59 

efD.svao 

7.V901 

6.0337 

129. HOC 
2.3763 
i.9H| 

493.6000 

n.l248 

3.96X0 

6 3.7475 
2.1058 
1.6962 


A VEPA6E 

95 P.C. CONP. LIMITS 

standard deviation 

706.1200 

1.9697 

1.6866 

533.0200 
5.3290 
8.291 7 

97.5800 
1 .3582 
1.0906 

137,5000 

5.1720 

1.1077 

12.9903 

,5331 

.4296 

2^,0 

average 

95 P.C. CONP. LIMITS 

standard deviation 

U t».5 600 
5 

1.8953 

54! .1900 
9.0550 
7.2938 

104.5800 
4.6393 
3. 77 7 2 

110,1000 
9.67DJ 
7. 7991 

16.09 49 
2,7315 
2.2001 

<19.0 

A VERASE 

95 P.C. CONP, LIMITS 

standard deviation 

723.7800 

M.331I 

3.3720 

565. MOOD 
1 3.2MS2 
to. 6690 

ttG.4600 

5.8438 

4.7072 

«LS7,7 00n 
1 1 . 7990 
9.5011 

53.1515 

3.9710 

3.1191 


AVERAGE 

95 P.C. CONP. LIMITS 

standard deviation 

! 32.3<I00 
1.5019 
1 .2097 

576.0900 
7. 7170 
6.2102 

118.3200 
f .6010 
1.2896 

169.2000 

9.9859 

9.0136 

55.9669 

1.3911 

1.1209 

7?0.0 

A VEPASE 

95 P.C, CONP. LIMITS 

standard deviation 

T 32.0200 
1 

1 . 1606 

596.5900 

6.1217 

5.1726 

121.0000 

.9263 

.6656 

179.9000 
7 , 1 6 70 
5.7731 

58.0501 
.9 350 
.7532 
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Table 9. Lot 1 cell parameters prior to and as a function of time at 60'^C after irradiation by l~MeV 
electrons to 3 X 10^^ e/cm2; cells previously exposed to 150°C for 12 days — sintered contacts 


(hrs.) 


TSC 

woe TMV1 

IMP 

VHP 1HV1 

PH4X (MU> 

•0 

95 P.C. CONF, LIMITS 
ST«ND«R0 DEVraTION 

900 

7 

61 2.«m0D 
12.0352 
9.69HM 

129.3900 

5.4670 

4.4037 

501 .3000 
19.0556 
15.3525 

63.9 36 5 
3.3037 
3.5 37 2 

. s 

4 VEPSSr 

95 P.C. CONF. LIMITS 
ST4ND4R0 OFVr«TION 

9?,P20D 

<1.3725 

3.5221 

963,7200 

3.2787 

2 . 6 »ro 

75.7900 

4.0699 

3.2775 

ieo.3000 

5.6739 

3,5734 

29.3199 

1.7963 

1.3389 

2t».0 

iVFfiaGf 

95 P.C. CONF, limits 
ST 4N04P0 DCViaTION 

97,9000 
I.U0S2 
1 .1 327 

^S2.S^00 

2,5395 

2.0456 

79.3000 

r.lQ93 

.9927 

390.QQQD 
4.5323 
3 .650 9 

30. 3651 
.3839 
. 3905 

<i*«D 

4 VEPast 

95 P.C. CONF. LIMITS 
ST4N06RD DEVI4TI0N 

99.9500 
1 .9922 
l.S0^7 

464.5000 

2.1357 

r.7203 

95.3000 

1.1923 

.9608 

370.3000 
4. 9002 
3.9665 

32.5709 

.3125 

.3323 

165,0 

4VER45E 

95 P.C. CONF. limits 
ST4N04R0 DFVI4TI0N 

1C15.5<I00 
t.535 1 
1.295? 

475.1000 

3.7707 

3.0373 

93.9000 

T.544I 

1.2439 

394.4000 

4.9347 

3.9749 

36.3025 
.3557 
. 3670 

7 20.0 

4 VER4GE 

95 P.C. CONF. LIMITS 
STAN04RD DEVI4TI0N 

1 10.3000 
3.2929 
2.5122 

453.0200 

3.4140 

2.7500 

rOI.9400 

2.7550 

2.2192 

396.8000 
9.1 9t 9 
7,3959 

30.7260 

1.0233 

.8233 


O 
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Table 10, Lot 1 cell parameters prior to and as a function of time at 60°C after irradiation by 1-MeV 
electrons to 3 X 10^^ e/cm^; cells previously exposed to ISO^C for 12 days — unsintered contacts 


(hrs») 


TSC 

tfOC IMV> 

IMP IMAI 

VHP IMVl 

PMAX TMMI 


AVERAGE 

T4E.340D 

607.1000 

129.3400 

491.0000 

62.2552 


95 P.C. CONF. limits 

3*?396 

9.2892 

6.8352 

14.5575 

4.97S9 


STftN0*R0 DErVlflTION 

3.0122 

E.G7S9 

5.5057 

U.726P 

4.0105 


&VER15E 

96.6400 

460.2400 

77.3200 

371 .0000 

29.2946 

T.9 

9S P.C. CONF. LIMITS 

2.9438 

1.6670 

3.0186 

9.7200 

1.5661 


STANDARD OEVIflT ION 

2.2906 

i.3429 

2.431 4 

7.82 94 

1.2615 


average 

89.920C 

957.5200 

79.9400 

3S9.6OQ0 

29.4100 

24.0 

95 P.C. CONF. LIMITS 

6.5147 

4.2933 

6.9320 

11.5930 

3. 3968 


STANOaRC! DEVIATION 

5.24 76 

3.4592 

5.5837 

9.3332 

2. 7361 


AVERAGE 

95.760D 

459.6000 

85.0600 

361 . 8000 

31.1501 

4 9.0 

95 P.C. CONP. LIMITS 

9. 2124 

6.9970 

9.7344 

10.9734 

4.4294 


STAHiOARD DEVIATION 

7.4206 

5.6361 

700913 

3.84 31 

3.5671 


A VERAGE 

705.0600 

4S6.2BDO 

91.7400 

364.2000 

33.7166 

1 6«.0 

95 P.C. CONP. LIMITS 

9.6t 14 

n .3689 

9.9953 

15.9307 

5.0334 


standard deviation 

7.7420 

9. 1576 

9.0516 

12.8725 

4,0544 


average 

11 1 .3800 

490.3200 

99.7600 

375.2000 

37,8441 

7?n*o 

95 P.C. CONP. LIMITS 

5.914C 

10. 3745 

7.0509 

17.7719 

4,2867 


standard deviation 

4.6932 

9.3567 

5.6795 

14.3153 

3.4529 
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Table 11. Lot 1 cell parameters prior to and as a function of time at 60® C after irradiation by 1-MeV 
electrons to 3 X 10^^ e/cm^; cells previously exposed to 215®C for 2 min— sintered contacts 


time (hrs.) 


TSC 1 MAI 

VOC TMV» 

IMP IMAI 

VHP TMV» 

PMAX TMUl 

.0 

»VEf?4SE 

95 P.C, CONE. LIMITS 
ST4K'0«»D OEViailON 

I«l5,9200 

3.23(5? 

2.«072 

625,7200 

5,0657 

4.0909 

1 32.3600 
3.8DB3 
5.0691 

513.8000 

11.2214 

9.0398 

68.2332 

3.3253 

2,6735 

U ! 

95 P.C. CONF. limits 
standard DEVIATION 

8 r. 7800 
4.3669 
3.5175 

4S9.5BD0 

2.7279 

2.1973 

75.0200 

4.1066 

3.3079 

396. 5000 
4.9929 
4.0218 

29.5833 

1,6423 

1,3233 


AVE9A5E 

95 P.C. CONF. lIMI TS 

standard deviation 

94.9200 

7.5335 

6.0722 

476.7800 

11.4630 

9.2334 

95.4200 

6,5895 

5.3078 

390.9000 

8.7720 

7.0659 

33,6225 

3.2422 

2.6116 

t|3.0 

A VERAGE 

95 P.C. CONF. LIMITS 

standard deviation 

T02.3200 
6 . i 9f50 
4.9828 

48f .5600 
12.0674 
9. 7203 

9I.5B0D 

5.0933 

4.1027 

394.5000 
H .5962 
9.3409 

36,5762 
2,96 9 6 
2.3920 

!S9»0 

AVERA3E 

95 P.C. CONF. LIMITS 
standard deviation 

109.8400 

3.4934 

2.9059 

493.7400 

10.5067 

9.4632 

97.4400 

2.9269 

2.3576 

401 .9000 
ir .692? 
9.41 91 

39, 3478 
1,9092 
1,5379 

720.0 

AVERAGE 

95 P.C. CONF. limits 
standard DEVIATION 

m.260C 

3.76n 

3.0295 

5FI.5600 

10.6071 

8.5440 

IQI.720D 

3.5695 

2.5744 

41B.200Q 
12.701 7 
10.2312 

42.8502 
1.997 6 
1,5285 
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Table 12, Lot 1 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 3X10 e/cm j cells previously exposed to 21 5° C for 2 min — unsintered contacts 


TlWf (hra*) 


ISC IMA» 

tfOC (MV) 

IMP (MA) 

VWP fMVr 

PMAX CMWr 

• 0 

» VERAEE 

95 P.C. CONF, LIMITS 
ST*NOARO DEVUTION 

t44.??on 
?•! 403 
1.7240 

S?t.96DD 

4.6024 

3.7073 

1 30.1400 
2.0297 
1.6349 

505.8000 

10.9784 

8.8431 

65.8284 

1.9895 

1.6D25 


&VEt?A3E 

95 P.C. CONF. LIMITS 
STAflQ&RO CEVT4TI0N 

30.F000 
1.4779 
1 .1 904 

469.1400 

2^477l 

1,9953 

72,9«tOC 

I.9IT0 

KV599 

396.40QQ 
3.6198 
2.91 5 7 

28.7843 

.7203 

.5906 


a WEPasr 

95 P.C. CONF. LIMITS 
STANOaRC DEViaTION 

95.1400 

7.5234 

S.OSOK 

476.0200 

9.9789 

7.2325 

96.4000 

6.2761 

5.0554 

3BS.A000 

11.2969 

9.0996 

33.6158 

3,3445 

2.6940 


aVEPAGE 

95 P.C. CONF. LIMITS 
STANOaRO OEVIATION 

104.5300 
5.2521 
4.2 305 

49!, 3400 
9.6431 
7,7675 

94.0400 

4.4185 

3,5591 

390.0000 

n.l040 

9.99V3 

36,9 577 
2.7649 
2.2271 

169, D 

avEpasE 

95 P.C. CONF, limits 
STANO aRO DEVIBTION 

T tl.12 00 
1 .9816 
1.5156 

4 95.7600 
7.9429 
6.3174 

99.7000 

1.7762 

1.4308 

39S.2DDD 
1 ) . 9233 
9.5237 

39.6301 

1.9SS7 

1.4956 

7?r.O 

avERASE 

95 P.C. CONF, LIMITS 
standard DEVIATION 

U 1.6000 
1.4442 
! .1 633 

51 1 .5900 
9.0476 
7.2378 

102.4S00 

t.9l86 

1.5454 

414.60D0 

10.9996 

9.8602 

4 2.3C14 
1.7035 
1.3722 
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Table 13. 
electrons 

Lot 1 cell parameters prior to and as a 
to 3 X 10l5 e/cm2; cells previously expo 

function 
sed to 5 c 

of time at 60° C after 
:ycles of +100 to -196 

irradiation by 1-MeV 
°C— sintered contacts 

TIME (hrs*) 


ISC TMAI 

VOC CHVI 

IHR IMAI 

VHP IHV1 

PHAX (MUI 



1 A6.IG00 

605.5000 

127,5600 

477.2000 

SQ.9393 

.0 

95 P.C, CONG. LIMITS 

3,0695 

13,4037 

6.3934 

26.7199 

8.D075 


ST«NO«ffO DEWI4TI0N 

2.^125 

10.73G7 

5,1539 

21 ,5221 

4.8 390 


4VER«G£ 

St.SODO 

1(65.8900 

73.1000 

375. 1000 

26.0996 

\*2 

95 P.C. CONF. LIMITS 

« . ti an 8 

6.1359 

5,7289 

11,1093 

2.4220 


ST4MD490 DEtflaTION 

3.G09 I 

9,3925 

4.6147 

S.99B6 

1,9509 


AVERAGE 

9^,6 900 

971 .5000 

83.7000 

376,4000 

31.7750 

zo.o 

95 P.C. CONP. LIMITS 

1 

T2.K271 

8,8595 

15.1439 

9,9199 


SraHiOaPD DEVIATION 

S.3926 

10.0100 

7,1363 

12.1 999 

3.5602 


A VEPASc 

rot.ssDO 

9 76.2200 

99,4800 

377,8000 

39*1591 

<i3.C 

95 P.C. CONE. LIMITS 

9,9197 

19,9399 

9,5179 

1 5,40 99 

9.766 2 


STAAfDARD DEVIATION 

6,9596 

tl.6313 

7.6666 

T2.4I27 

3.B392 


AVEPA3E 

109,9200 

992.3900 

94,5600 

390,2000 

36.2161 

! G « ,0 

95 P.C. CONE. LIMITS 

6 . 35 1 8 

19.9215 

6,9950 

19.1805 

9,1909 


STANOAPO DEVIATION 

5,1 163 

15.2913 

5,6345 

15,4499 

3. 3758 


A VERAGE 

} 10,9600 

503.3900 

99.3200 

396.2000 

39.5909 

iw.ti 

95 P.C. CONE. LIMITS 


1 6.1525 

6,5319 

19.641 1 

3.9939 


STANDARD DEVIATION 

3,5742 

15.0109 

5.3016 

15.8209 

3.1769 
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Table 14, Lot 1 cell parameters prior to and as a function of time at 60*^0 after irradiation by 1-MeV 
electrons to 3 X 10^^ e/cm^j cells previously exposed to 5 cycles of +100 to -196^0 — unsintered contacts 


TTMT (hra.) 


ISC fHAJ 

VOC IMV) 

IMP (HAT 

VNP (MV7 

PHAX (MNl 


fi VEPAdF 

T3E •3SQD 

593.9900 

113.3800 

480,2000 

50.3925 

.0 

95 o,C. CON?. LIMITS 

7.3607 

10.9771 

9.1316 

15.2006 

4.9 509 


standard deviation 


8.8420 

6.5500 

15.466 ! 

3.9074 


AVEPAGE 

79.5800 

479.5600 

E7.92Q0 

364.9000 

25 . 46 27 


95 P.c. CONF, LIMITS 

S.JI339’ 

55.4734 

e.ZS4t 

10.4092 

2.5591 


STANDARD DCVJ ATION 

5,1 925 

44.6839 

5.0618 

9.3346 

2. 0514 


AVERAGE 

96. 6900 

459.7800 

73.9000 

361.0000 

26.9672 


95 P.C. CONe^. LIMITS 

5. 0570 

7.2336 

6.321 4 

12.3962 

3. 1239 


ST«ND«RD DEVUTION 

4*0739 

5.9267 

5.0919 

3.995 ? 

2.5163 


iVEPSSE 

9 «* , 5 200 

465.0200 

90.3000 

361 .6000 

29.5895 


95 P.C. CON?. LIMITS 

4.9597 

9.2015 

6.9047 

12.8239 

5.3946 


STdNOaRO DEVIATION 

3.9J45 

7.4119 

5.561 7 

10.3344 

2.7 343 


AVERAGE 

T03.90n0 

476.0200 

96.5600 

367.0000 

32.0565 


95 P.C. CONP. LIMITS 

4.57G5 

10.6095 

8.3347 

13.7965 

3.9856 


standard deviation 

3.6865 

8.7070 

6.7138 

n.l t3T 

3.2104 


AVERAGE 

101.7200 

491.3800 

37.6400 

379. 7000 

33.6816 

7?n*o 

95 P.C. CONF. LIHI IS 

16.1539 

10.194 1 

16.9406 

18.7067 

7.4840 


standard deviation 

1 3.0113 

3.2033 

15.2566 

15.063? 

6.0283 
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Table 15. Lot 1 cell parameters prior to and as a function of time at 60°C after irradiation by 1-MeV 
electrons to 3 X 10l5 e/cm^; no prior environmental exposure- sintered contacts 


TIME (hrs.) 


ISC »M4) 

VOC tMV) 

IMP tM4) 

VHP <MVI 

PMAX IKWl 

.D 

#VER»GE 

9S P.C. CONE. LIMI TS 
STIkNOiPti 0EV14TI0N 

1M9*!000 
3*07t 1 
719 

61 5.2200 
R. 753B 
7.0512 

132.7200 

5.7480 

4.6300 

499.8000 

17.2336 

13.9916 

64.9799 
3.9135 
3.07 21 


4 VE»»GE 

95 P.C. CONF. LIMITS 
ST4ND4RD 0EVI4TI0N 

SM*120C 
1.1 919 
2.57IC 

ti6ti.B40CI 

i.stoo 

2.8271 

75.7600 

4,2443 

3.4)88 

374.ID00 

5.9147 

4,7643 

28,9507 

1.7094 

1.3761 

Efl.O 

4VER40E 

95 P.C. CONE. LlNlfS 
ST4N0490 0EVI4TION 

90.) 900 
4. 5074 
I.S267 

465.1200 

4,7335 

3.9129 

80.1800 

5.0010 

«l.0299 

372.8000 

7.982T 

6.3978 

30.0940 

1.9060 

1.5353 

«i?.0 

4 VER4GE 

95 P.C. CONF. LIMITS 
ST4N04R0 DEVI4TI0N 

97.9400 

5.7049 

4.1925 

469.6200 

5.8)60 

4.6B47 

86.9200 

5.9055 

ti.6761 

372.3000 

9.5520 

7.6382 

32,6621 

Z.2907 

1.8452 

TE9.0 

4VER4GF 

95 P.C. CONF. limits 
ST4N04RD 0EVI4TI0N 

to 9. 7 BOO 
3. 9490 
J.t004 

490.1200 

6.7693 

5.4526 

95.9800 

9.6699 

3.7616 

178.2000 
12.3960 
9. 9850 

36.0769 

2.0102 

1.6192 

72Q.O 

4 VEP4SE 

95 P.C. CONF. LIMITS 
ST4ND4RD OEVI4TION 

) 14.1200 
7.54G9 
2.05T4 

497. 5900 
5,6470 
4,5497 

103.8200 

3.2608 

2.6262 

385. 9000 
18.1088 
n.36ii 

40.2232 

1.9999 

1.5296 


4 :^ 




JPLi Technical Memorandum 33-677 




Table 16. Lot 1 cell parameters prior to and as a function of time at 60” C after irradiation by 1-MeV 
electrons to 3 X 10-^^ e/cm2; no prior environmental exposure — unsintered contacts 


TIKE (hrs,) 


ISC fMA) 

VCC (HVI 

IMP (MAJ 

VMP CHVl 

PMAX IMWl 

.0 

4 VEP4SE 

95 P.C, CONE. LIWITS 
ST4f(D4RP DEVIATION 

T39.560C 

5.3222 

^.2870 

619. 1000 
8.2833 
6.6722 

125.5400 

3.7805 

3.0*152 

499.2000 
1 5.8110 
12.7356 

B2.5V07 

2.56V5 

2,0657 

?•? 

average 

95 P.C. CONP. tiMiTS 

standard deviation 

78,5600 

3.7099 

2.8681 

967.62QQ 

2.B979 

2.2990 

70.5800 
2. 3068 
1.8530 

396.6000 
5.9149 
4. 7645 

27.9016 

.9471 

.7529 

0 

average 

95 P.C. CONE, LIMITS 

standard deviation 

90.9t|00 
7,Q 5Q8 
6.0079 

V 75. 3000 
9.A019 
7,5732 

91.2800 

7.3291 

5.9036 

397.40DD 
1 2.4952 
10.0649 

31.7AA2 

3.7232 

2.3990 

»9.D 

AVERAGE 

95 P.C. CONE, limits 
STANDARD DEVIATION 

98.9600 

6.8517 

5.5191 

V79.8A00 

TI.I382 

9,9718 

89.0800 

8.S305 

5.3409 

388.6000 
14.1712 
11. 41 49 

3V.7S53 
3.7029 
2.98 27 

IS9.C 

AVERAGE 

95 P.C. CONE, LIMITS 
standard DEVIATION 

106. tSOC 
*1.9635 
3.9176 

V92.2000 

9.9CV3 

7.B97A 

94.9200 
4.7400 
3.6 tSt 

394.4000 
1 4 . BO 94 
I r. 9290 

37,6226 

2,«944 

2.3314 

7?0.0 

AVERAGE 

95 P.C, CONE. LIMITS 
STANDARD DEVIATION 

107. t| 200 
9.29 32 
3.950t 

SO 7. good 
I0.27S1 
9.2779 

98.4600 

3.7082 

2.9870 

410. 1000 
19.1877 
14.6502 

40.7313 

2.5447 

2.D499 
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Table 17. Lot 2 cell parameters prior to and after exposure to 5 cycles of +100 to -196°C 


TIME 

(hrs. ) — - - ■ ' - , 

JSC (MA) 

VOC 1«V» 

IMF <HA) 

VHP iMVJf 

1 >H 6 X in»i 


AVERAGE 

M2.S8B0 

^ ~Vn , 26.00 

426,5500 

R92t6000 

63.3105 

.0 

95 P*C. CrNF* LIMITS 

^•79'I7 

3*2579 

1«30R0 

5*6696 

*9899 


STANDARD DEVIATION 


6*9612 


12*5695 

2»U91 


AVERAGE 

126*2000 

517*6000 

106*0250 

3B9*2500 

94*6682 

SiO 

95 PfCt CoNFf limits 

1*7715 

39*7386 

1*96^2 

36*6696 

9*3701 


STANDARD DEVIATION 

3*»279 

79*2263 

H*20U 

78*3522 

9*3376 


Table 18. Lot 3 cell parameters prior to and after exposure to 5 cycles of +100 to -196°C; junction 
diffusion with 02 carrier gas 


TIME (hrs. ) 


iSC (MA) 

VOC (MV) 

IMP (MA) 

VHP (MV) 

PmAX (MW) 


AVERAGE 

135.3450 

607.9550 

120.5700 

492.8500 

59.4297 

*0 

95 P«C. CONF. LIMITS 

1.9977 

3.4366 

1*7625 

5.8252 

1.2017 


STANDARD DEVIATION 

4,2685 

7.3431 

3.7659 

12.4468 

2.5677 


AVERAGE 

133.6600 

598*7250 

115.8750 

476,9000 

55.3504 

5*0 

95 P.C* CONF. LIMITS 

1.7078 

10.8132 

2.1673 

16.5052 

2.5738 


standard deviation 

3.6491 

23*1047 

4*6309 

35.2669 

5.4996 


Table 19. Lot 3 cell parameters prior to and after exposure to 5 cycles of +100 to -196°C; junction 
diffusion with N2 carrier gas 



TIME 

(hrs, ) 

ISC (MA) 

VOC (MV) 

IMP (MA) 

VMP (MV) 

PMAX (MW) 


*0 

AVERAGE 

95 P.C. CONF, LIMITS 

standard deviation 

137.7200 

7.2056 

5.8041 

603.6600 

10.4957 

8.4543 

122.0400 

5.8590 

4.7194 

4B7.8000 

12.3102 

9.9159 

59.5544 

3,9669 

3.1954 


5.0 

AVERAGE 

95 P.C, CONF. LIMITS 
standard DEVIATION 

131.5100 

7.7622 

6.2524 

566.2300 

23,4947 

18,9250 

113,8900 

6.2065 

4.9993 

462.0000 

34,9572 

28,1580 

52.5975 

5.3840 

4,3368 


REPROD0CBILITY OP THE 
ORIGINAL PAGE IS POOR 
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Table 20. Lot 4 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 1 x lO^"^ e/cm2; no prior environmental exposure 


TIME (hrs.) 


ISC (MA) 

VOC IMV) 

IMP |HA> 

VHP IMVl 

PMAX (N6) 


average 

133.3I0C 

599.6000 

119*3600 

989*9000 

57.830 

4 0 

9S P.Ct CoNF. LIMITS 

2»HA0I 

9*6736 

1,7992 

6*9736 

1*279 


STANDARD OCVUTION 

3.9392 


2,5153 

9.7991 

1.781 

f 7 

average 

102. 5600 

B32»3700 

92*5900 

933.7500 

90*390 

95 P.C* CONF. limits 

2.3177 

2.6607 

1 *9033 

9*8021 

*639 


standard dev 1 at ion 

3.2902 

3*7197 

2.6608 

6.7139 

*886 

2H.0 

average 

122*1200 

561*7200 

109.8200 

953*7000 

99,692 

95 P»c» CoNF. limits 

1.8905 

6*3307 

1,7991 

9*0026 

1.291 


standard deviation 

2*6930 

8*8S03 

2.9952 

12*5857 

1.809 

<ta*o 

AVERAGE 

129.3000 

$69*8200 

1 10.9900 

959*5500 

51.019 

95 P*C» CONF. LIMITS 

1.7630 

$*27S2 

1 ,5389 

7*7923 

.993 


STANDARD DEVIATION 

2.9697 

7*3797 

2.1506 

10*8937 

1.319 

laStO 

AVERAGE 

125*6800 

578*1900 

1 12.8700 

965*6000 

52*609 

95 P»C» CONF. limits 

1*9913 

3*9162 

1.3590 

5*8272 

• 733 


STANDARD DEVIATION 

2.7139 

9*7758 

1 ,8999 

8*1969 

1 ,029 

720*0 

average 

125.7600 

581*9200 

112*1900 

970*2500 

52*806 

95 P.C. CONF. LIMITS 

1*8599 

3*0979 

1.9883 

7*2983 

,861 


standard deviation 

2.592S 

9*3301 

2.0807 

10*2031 

1,209 1 
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Table 21. Lot 4 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 3 X lO^-S e/cm^; no prior environmental exposure 


time (hrs.) 


ISC tMA) 

VOC 

IMP IMAI 

VHP (MV I 

PMAX (MAJ 

• 0 

AVERAGE 

95 P»C» CoNF* LIMITS 

standard deviation 

133*8100 

3*0599 

9.2700 

600*3100 

9.9973 

6.2179 

&20*S8Q0 
2#S07 1 
3«S0H9 

987.1S00 
8. 1637 
i 1 .9908 

58.7295 
1*3237 
1 .8505 

1*2 

average 

95 PtC« CONF. LIMITS 

standard deviation 

76*^700 

2i7098 

3»7882 

<*62*9000 

3*32IS 

67# 3100 
2t3<U8 
3«2767 

37^*0000 

7.1H36 

9*9867 

25.9951 
.7799 
1 .0909 

2^*0 

AVERAGE 

95 P.C» CoNF. LIMITS 

standard deviation 

86*8700 

3.6286 

5.0731 

969.7700 

5*3696 

7.5067 

76.9600 

3.2900 

9.5999 

377*2500 

6.5239 

9.1197 

29*0789 

1.3782 

1.9267 


average 

95 P.C. CONF. limits 

standard deviation 

99.2300 

3.7353 

5.2220 

975.3700 

5*9699 

8.3390 

83*9500 

3.9538 

9*8289 

380.0000 

7*5998 

10*6176 

32.0059 

1.9627 

2*0999 

i66«0 

AVERAGE 

95 P»C» CONF* LIMITS 

standard deviation 

109*6500 

3*0337 

9*2911 

989.2900 

6.1997 

8.6671 

92.9100 

2.9885 

3.9789 

385*8500 

8.9971 

12.5081 

36.0809 

.9292 

1.2920 

720«0 

average 

95 P.C* CONF. limits 

standard deviation 

106*6200 

2.7362 

3.8251 

999.3100 

6.9915 

9.0751 

95*0300 

2*0513 

2.8677 

396*9500 

10*2519 

19.3319 

37.8875 

.8530 

1.1925 
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Table 22. Lot 4 cell parameters prior to and after exposure to 12 days at 125‘’C in vacuum 


TIME (hrs. ) 


ISC <MA) 

VOC IMVJ 

IMP <MA> 

VMP (MV) 

PMAA (MA) 

• 0 

average 

9S P.c* CONFt UMITS 

standard deviation 

131 t3675 
1 t 1593 
3*AA60 

600*3529 
1 *6980 
5*3699 

1 1 6.3350 
.9592 
3.0179 

992.1260 

2.3127 

7*3133 

• b| 8 
1 »63b 


Average 

95 p»c* CONFt limits 
standard deviation 

129«835o 
♦ 9755 
3«0698 

596.3599 

1*5873 

5.9663 

116*9975 
.9 156 
2,8959 

988.2760 

2*2063 

6,9738 

&?• 139 
• H96 
U5>68 


Table 23. Lot 4 cell parameters prior to and as a function of time at 60° C after irradiation by 1-MeV 
electrons to 1 x 1014 e/cm^; cells previously exposed to 12 days at 12 5° C in vacuum 


TIME (hrs,) 


ISC IMA) 

VOC (MV) 

IMP (HA) 

VMP (MV) 

PMAX (M8) 

f 0 

average 

95 p«C» CoNF. LIMITS 
STANDARD DEVIATION 

127.6900 

2.2985 

3.1939 

S93«a700 

Si6773 

7f9369 

UBtSSQO 
1 *^8919 
2#5750 

989*6500 

9*3967 

6*1966 

&6*0096 

1*1233 

1*5709 


average 

95 P.C. CONF, LIMITS 

standard deviation 

100»9700 

1,9590 

2.0398 

530.6500 

2.3991 

3.2770 

92.0(00 

1.9999 

2*0961 

935.0000 

3.1632 

9.9222 

90*0933 

• 5756 

• 8097 

29.0 

average 

95 P«C* CONF. LIMITS 

standard deviation 

(18.8900 

2»3739 

3.3187 

556*9500 

9*3306 

6*0592 

i0^«Z800 

1*8390 

2*5639 

952*9000 

3*3306 

9.6562 

99*0328 

1*0277 

1*9368 

98. D 

AVERAGE 

95 P.C. CONF. limits 

standard deviation 

120.8500 

1.8691 

2.6060 

569*9300 

9.3912 

6*0690 

409*5000 
i *6006 
2*2377 

958.6500 

3,7522 

5.2956 

50*2215 
• 8902 
1*1796 

168*0 

AVERAGE 

95 P.C# CONF, limits 
STANDARD DEVIATION 

122.0100 
I .6633 
2.3253 

573.8900 
3. 7995 
5*2398 

4 40*2700 
1.3581 
1*8986 

966*1000 

3.1995 

9.9030 

*9039 
• 6579 
.9197 

720*0 

AVERAGE 

95 P.C, CONF. LIMITS 
standard deviation 

(22.2900 

1.6623 

2.3239 

578*9100 

3*91 J 9 
9.7691 

1 10*6500 
1 *2855 
1 *7971 

970.0000 

2.6778 

3.7935 

52.0099 

*5799 

*6099 
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Table 24 . Lot 4 cell parameters 
electrons to 3 X 10^^ e/cm^; cells 

prior to and as a 
previously expos 

function of time at 60“ C after irradiation by 1-MeV 
ed to 12 days at 12 5°C in vacuum 

time (hra.) 


ISC IMA) 

voc (MV) 

IMP (MA) 

VHP IMV) 

PMAX (HAl 


average 

126*2000 

595*0800 

115*3200 

966*9000 

66*0896 

tO " 

9S P>C* CoNF* tllilTS 

2*1966 

3*6923 

2*5321 

9*5106 

1*2968 


standard deviation 

3»0012 

5*0919 

3*5399 

6*3061 

1 «8|29 


average 

77,2600 

961*2900 

67*8900 

376*8000 

25*5393 

• 9 

95 P«Ct CoNF, LIMITS 

2«296& 

1*6556 

2*3265 

2*6152 

• 8899 


standard deviation 

3f2IOS 

2*3196 

3*2529 

3*6560 

1*2990 


average 

fi^^QOOO 

965*2200 

79*2600 

379*0500 

27*7173 


95 P«C« CONFt LIMITS 

3*7273 

3*2195 

3*6926 

3*2039 

1*2998 


standard deviation 

5*2107 

<l*^938 

5*0923 

S *9783 

1*6102 


average 

90*3900 

968*7500 

79*7900 

378*6500 

30*2391 


95 P<C» CONF* LIMITS 

H*0966 

3*9203 

3*5994» 

3*8235 

1 *9259 


standard deviation 

5*6575 

5*9805 

5«0255 

5.3953 

1*9935 


average 

tOi tSHao 

9eo«6200 

90*0600 

363*0000 

39*5301 

l&fifO 

95 P*C* CONF* LIMITS 

2*6720 

M«9t36 

2*5957 

3*6629 

1 *0697 


standard deviation 

M*0150 

6*1703 

3*5569 

5*1208 

1*5239 


average 

10^*9200 

992*2700 

93*9200 

391 *0000 

36*7523 

720f 0 

95 P*C» CoNF, LIMITS 

3*1209 

9*6039 

2*9283 

6*17)5 

*9756 


STANDARD deviation 

^*3630 

6*9356 

3*3995 

8*6278 

1*3639 
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Table 25. Lot 4 cell parameters prior to and after exposure to 5 cycles of +100 to -196'’C 


TIME (hrs, ) 


ISC (MAI 

VOC (MV) 

IMP (MA) 

VmP (MV) 

PMAX (M«) 

• G 

AVER*aE 

’B P*C» CONf* LIMITS 

standard deviation 

233*<t60Q 

3*5|S6 

600*3050 
2*1239 
9*530 1 

120*9950 

1.3097 

2*7909 

966*7500 
5*2500 
1 1 *2399 

50.6531 
• 9357 
1 *9 993 

6*0 

AVERAGE 

95 PfC CONF. LIMITS 

standard deviation 

131 *<<360 
1 *5657 
3,3HS5 

509*6200 

10*3367 

22*0866 

1 |9*7oBo 
1*9752 
9*2209 

969*2250 
1 6*2960 
39*7129 

53*9290 

2*3955 

5*0117 

- ' ■ ' .... ■ - , - , 1 

Table 26. Lot 4 cell parameters prior to and after exposure to 12 days at 150°C 

TIME - (hr s, ) 


15c IMAl 

VOC iMVI 

IMP (MA) 

VmP (MV) 

PMAX ihft) 

• 0 

average 

96 P»c* CONF* limits 

standard deviation 

131*5767 

1*5009 

N*23*»l 

599,r966 
1 *9282 
5*1699 

1*2066 

3o231B 

908, 7667 
3*9103 
9*1555 

50.1073 
*5070 
1 *5723 

2fiB« 0 

average 

9B P»c* CONF* limits 
standard deviation 

131*2200 

1*9620 

3,9l7y 

592*9300 
6*7769 
18* isna 

1)0*1067 
1 * 1 756 
3 * 1 900 

«i66*6033 

2*6iyo 

7*01^6 

57*9052 
.5599 
1 .9099 

Table 27 
humidity 

» Lot 4 cell parameters 

prior to and after exposure to 

14 days at 80 

“C and 95% 

relative 

TIME (hr 8. ) 


ISC (Mai 

VOC (MV) 

IMP (MA) 

VMP IMVI 

PHAX 

<0 

average 

’S P*c* CONF* LIMITS 

standard deviation 

13 J *7800 
1 t8722 
Ht0003 

598.3050 

3*0300 

6.9913 

1 19.3300 

1*9612 

3*1222 

99o*0750 

5*3906 

11*9113 

50*90)7 

*9760 

2*0055 

336 >0 

AVERAqe 

95 P*C* CONF, LlMl^j 

standard deviation 

131*9050 

3»73^S 

597*6<(50 

3*0299 

6,9730 

1 i9*135o 
1*6270 
3,9769 

909*9250 

5*3350 

11.9011 

50 *3092 
.9001 
2.0992 





Table 28. P-contact pull strength prior 
after exposure to for 12 days; Lot 

sintered contacts 

to and 
1 cells — 

P/N» 20 OHM-CHt 2X2X,036D CM 


SIL SOL CELLS* AG- 

TI* sqldercoat* 

P-CON TACT 



CELL KANUFACTUREP HE K 



150 OEG C FOR 299 HOURS* 

HIGH TEMP 


PULL WIRES SOLDERED AFTER ENVIR TEST 

EXPOSURE TIME THOURS) 

.D 

28 9,0 

CONTACT STRENGTH CGRAMSI 

1 1 GS.O 

1 765.0 


708. D 

6 99,0 


1 1 34. a 

1025.0 


875.0 

14 47 .0 


1 306.0 

980,0 


2232.0 

.0 


1 356,0 

.0 


966.0 

.0 


1 350.0 

.0 


399.0 

.0 

AVERAGE 

1 269, I 

n 33, 2 

95 P.C, CONF, LIMITS 

342,6 

522. B 

i standard deviation 

478. 9 

421,0 

PEP CENT CHANGE 

.0 

-6,8 

IREF. INITIAL TIMET 
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Table 29. N-contact pull strength prior to and 
after exposure to ISO^’C for 12 days; Lot 1 cells — 
sintered contacts 

P/N» ?D OHM-CMf 2X2X.D360 CM 


siL solar cells* 

N-CONTACT 
CELL MANUFACTUPER 


AS-TI* SOLDERCOAT* 


15D OEG C FOR 289 HOURS* HIGH TEMP 
PULL WIRES SOLDERED AFTER ENVIR TEST 


EXPOSURE TIME (HOURSI 


298,0 


CONTACT STRENGTH tGRAMS) 


AVERAGE 

95 P.C, CCNF, LIMITS 
STANDARD DEVIATION 


2 17.9 


3D(|.6 


1 0«l3.D 
666 .0 
1 139,0 

1261.0 

1CS2. 


1 325.0 

990.0 

826.0 

1379.0 
131 5,0 

1056.0 
73 3,0 

1225. 0 
i 302,0 

1261.0 


1092,3 1072,2 


r 79,8 


194.8 


PER CENT CHANGE 
IPEF, initial IIMEI 


“1.9 
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Table 30. P-contact pull strength prior to and 
after exposure to 150°C for 12 days; Lot 1 cells — 
unsintered contacts ( 

P/N» 2D 2X2X.D360 CM 


SIL SOL AR CCLLS. as- 

TI. SOLOERCOATt 

P-CONTACT 



CELL manufacturer HEK 



ISO DEG C FOR 233 HOURSt 

HIGH TEMP 


PULL WIRES SOLDERED AFTER ENVIR TEST 


EXPOSURE TIME CHOURS) 

.0 

238,0 

CONTACT STRENGTH (GRAMS) 

89«<.0 

1030,0 


907.0, 

8 30,0 


1166.0' 

1 107.0 


1987.0’ 

1333.0 


9!«i«.0 

989.0 


953.0 

.0 


81 2.0 

.0 


n n.o 

.0 


345,0 

-0 


1247,0 

,0 

AVERAGE 

1036.6 

1069.3 

95 P.C. CONF. LIMITS 

?97.0j 

257.0 

STANDARD DEVIATION 

4l5,2j 

20 7,0 

PER CENT CHANGE 

• b 

3.2 

(REF. initial timet 

1 
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Table 31. N-contact pull strength prior to and 
after exposure to 150°C for 12 days; Lot 1 cells - 
unsintered contacts 

P/N» ?0 OHM-CM* 2X2X.0360 CM 


STL SOL AP CELLS* AG- 

N-CONTACT 

CELL manufacturer HEK 

IT. solder 

COAT* 

I5Q DEG C F0R-29a HOURS* 

HIGH TEMP 


PULL WIRES SOLDERED AFTER ENVIR TEST 

EXPOSURE TIME (HOURS) 

• 0 

299.0 

CONTACT STRENGTH (GRAMS) 

22«<UO 

599.0 


730. D 

n 21 .0 


1052. D 

92 5,0 


1080, 0 

20 4 1 . 0 


1025-0 

I 302.0 


31 39.0 

.0 


930.0 

.0 


2268.0 

.0 


161 9.0 

.0 


B53.0 

.0 

average 

1499. I 

1197.5 

95 P,C. CONF, LIMITS 

570. 2 

658.9 

STANDARD DEVIATION 

797.2 

539. 7 

PER CENT CHANGE 
IREF. initial TIME) 

.0 

3-4 

• 

0 

1 
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Table 32. P- contact pull strength prior to and 
after exposure to 21 5° C for 2 min; Lot 1 cells 
sintered contacts 

P/N» ?□ 2X2X*Q360 CM 

5IL SOL 4R CELLS* &G-TI* SOLOERCOAT* 

P-CONTACT 

CELL MANUFACTURER HE K 

215 DEG C FOR 2 MINUTES* SOLDER MELT 
PULL WIRES SOLDERED AFTER ENVIR TEST 

EXPOSURE TIME (MINUTES! -D 2-1 


CONTACT STRENGTH (GRAMSI 


1165.0 
70B.D 

inu.D 

8 75,0 

1 306.0 

2232.0 

1 356.0 

966.0 
I 950.0 

998.0 


B30.0 

857,0 
94 4,0 

2109.0 

1039.0 
.0 
.0 
.0 
.0 
,0 


AVERAGE 

95 P.C. CONF. LIMITS 

STANDARD DEVIATION 

PER CENT CHANGE 
(REF. INITIAL TIME! 


1269.1 1155.9 


342.8 


478.9 


669.3 


539,1 


-8.9 
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Table 33. N-contact pull strength prior to and 
after exposure to 215"C for 2 min; Lot 1 cells — 
sintered contacts 


PVN» ?0 OHM-CH* 2X2X.0380 

CM 


SIL solar CrtLSi A6-TI 

# SOLDERCOAT* 

N-CON TACT 

CELL MANUFACTURER HE K 



215 OEG C FOR 2 MINUTES# SOLDER MELT 


PULL WIRES SOLDERED AFTER 

ENVIR TEST 


EXPOSURE TIME 1 MINUTEST 

.0 

2.D 

CONTACT STRENGTH CGRAMSl 

T 325,0 

65 3.0 


ASO.O 

1057 .0 


82 S,n 

535. 0 


1373,0 

7 35.0 


1 31 5,0 

57S.D 


lose, 0 

.0 


739,0 

.0 


1225.0 

.0 


1 302.0 

,0 


I2S1.0 

.0 

AVERAGE 

1092. a 

811.2 

95 P.C. CONF, LIMITS 

217,9 

219.5 

standard deviation 

304, S 

176,0 

PER CENT change 

TREF, Initial timet 

.0 

-25.8 
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Table 34 , P-contact pull strength prior to and 
after exposure to 21 5® C for 2 min; LiOt 1 cells — 
unsintered contacts 


P/N* 20 OHH-CMt 2X2X.Q3S0 

CM 


SIL SOL AR CELLS* AG-TI 

P-CONTACT 

CELL MANUFACTURER HE K 

t SOLOERCOAT. 

215 DEG C FOR 2 MINUTES* SOLDER MELT 


PULL WIRES SOLDERED AFTER 

ENVTR TEST 


EXPOSURE TIME (MINUTESl 

• 0 

2,0 

CONTACT STRENGTH CGRAMS) 

994. D 

1 397.0 


907.0 

II ri .0 


! ISS.O 

1 706. Q 


1997.0 

14 70.0 


944.0 

1 320,0 


953.0 

.0 


812.0 

.0 


II 1 1.0 

.0 


345.0 

.0 


1247.0 

.0 

AVERAGE 

1036. S 

1 400. 8 

95 P.C. CONF. LIMITS 

297.0 

269.5 

standard deviation 

415.2 

21 7. 1 

PER CENT CHANGE 
TREF. initial TIMEI 

.0 

35.1 
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Table 3 5. N- contact pull strength prior to and 
after exposure to 215“ for 2 min; Lot 1 cells — 
unsintered contacts 


P/N* 20 OHM-CM* 2X2X.G360 CM 

SIL SOLAR CELLS* AG-TI* SOLDERCOAT. 

M-CON TAC T 

CELL MANUFACTURER HEK 


215 0E6 C FOR 2 MINUTES* SOLDER MELT 
PULL WIRES SOLDERED AFTER ENVIR TEST 


EXPOSURE TIME (MINUTES) 

• 0 

2.0 

CONTACT STRENGTH (GRAMS) 

22*41.0 

1 320.0 


7 30.0 

1202.0 


1052.0 

3030. 0 


T090.0 

899.0 


1025.0 

10(I3,0 


3139.0 

• 0 


98*1.0 

.0 


22E8.0 

.0 


1 61 3.0 

.0 


S53.0 

.0 

average 

1 499. 1 

1498.6 

55 P.C. CONF, LIMITS 

570. 2 

1091. I 

STANDARD DEVIATION 

797.2 

870. 8 

PER CENT CHANGE 
(REF. Initial time) 

• 0 

-.0 
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Table 36. P-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196‘’C; 
Lot 1 cells — sintered contacts 


p/N» ?0 OHM-CM* 2X2X.0360 CM 


SIL SOLAR CELLS* AG-TI* SOLOERCOAT* 

P-CONlACr 

CELL MANUFACTURER HEK 


5 CYCLES* LN2 TO SOILING 

WATER SHOCK 


PULL WIRES SOLDERED AFTER 

ENVIR TEST 


CYCLES 

o.ooon 

s.onoo*no 

CONTACT STRENGTH (GRAMS) 

1 IGG.O 

1 206.0 


708,0 

l IT I .0 


1 1 3M ,0 

812,0 


B75.0 

I2SB .0 


1 306.0 

966. n 


2232.0 

.0 


1 355,0 

.0 


966.0 

.0 


1 950,0 

,n 


99B.0 

.0 

AVERAGE 

1269, 1 

1076. 6 

95 P.C. CONF. LIMITS 

3«I2.6 

236.3 

standard DEVIATION 

979, 9 

1 90. 3 


PER CENT change 
IREF, INITIAL CYCLEI 


0 


-15.2 




Table 37, N-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196”C; 
Lot 1 cells — sintered contacts 


P/N» ?0 2X2X.C3eO CM 

SIL solar CetLSf AG-II. SOLOERCOAT* 

N-CONTACT 

CELL MANUFACTURER HE K 


5 CYCLES* IN2 TO BOILING WATER SHOCK 
PULL WIRES SOLDERED AFTER ENVIR TEST 


CYCLES 

0. ODon 

5,0000*00 

CONTACT STRENGTH TRRAMSI 

1 325,0 

1910.0 


•oo.o 

2155.0 


3?5,0 

790.0 


T37«.0 

22GS.0 


1 3?5.0 

925,0 


T066.0 

.0 


739,0 

.0 


1225,0 

.0 


1 302,0 

.0 


TEGl.O 

.0 

average 

1092.8 

1607. 6 

B5 P.C, CONF. LIMITS 

217.9 

9 7 3,0 

STANDARD DEVIATION 

304.6 

703, 2 

PER CENT CHANGE 
IREF. INITIAL CYCLE) 

.0 

47.1 
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Table 38. P-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196°C; 
Lot 1 cells — unsintered contacts 


P/N» 2D0HM-CMf 2X3X.n360 

CM 


SIL SOLAR CELLS* AG-TI 

P-CQNTflCT 

CELL manufacturer HE K 

. SOLOERCOATf 


S CVCLFS* LN2 TO SOILING WATER SHOCK 


PULL WIRES SOLDERED AFTER 

ENVIR TEST 


CYCLES 

D.coon 5 

.0000*00 

CONTACT STRENGTH IGRAMS) 

399.0 

799,0 


907.0 

9S9.0 


1 ISG.O 

1929.0 


1 93 7.0 

I 352.0 


999.0 

1 979.0 


953.0 

.0 


91 2.0 

.0 


n 1 t.o 

.0 


395.0 

,0 


129 7.0 

.0 

average 

1036. 6 

non. 6 

95 P.C, CONF. LIMITS 

297.0 

5G5.3 

STANDARD DEVIATION 

915.2 

955.9 

PER CENT CHANGE 
IREF, initial CYCLE) 

.0 

6.2 


JPL Technical Memorandum 33-677 


63 




Table 39. N-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196°C; 
Lot 1 cells — unsintered contacts 

P/N» 2 0 0HM-CM* CM 


SIL SOLAR CELLS. AG 

N-CONTACT 

CELL MANUFACTURER HE K 


AG-TIf SOLOERCOAT, 


S CYCLES. LN2 TO SOILING WATER SHOCK 
PULL WIRES SOLDERED AFTER ENVIR TEST 


CYCLES 


0. DDOO 


s.onoo.oo 


CONTACT STRENGTH TGRAHSI 


average 


95 P.C, CONF. LIMITS 


2291.0 

730.0 

1052.0 
T050. D 

1025.0 

3133.0 
99'4,D 

2268. 0 

S 61 3.0 

953.0 

1993, 1 
570.2 


1352.0 
75B .0 
76 7.0 
insn.o 

91 6.0 

.0 

.0 

.0 

.0 

.0 

979.6 

308.5 


STANDARD DEVIATION 

PEP CENT change 
TREF. INITIAL CYCLE! 


797.2 


298.5 


-35.0 
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Table 40. P-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196° C; 
Lot Z cells — “ sintered contacts 


P-COnTaCT STr^jNuTH, LHhIUM 
AFT£i^ ENVIR TesT 

lot 2 solar 

CELLS, 

P/N* 20 OHM-Cm, 2X2X.0360 CM 

S 1 L S0LA« cells , AG“T I , 

SoLDERCCaTEP 

I hEk 

5 C^CLESi l<^2 TQ aOILING i«ATE« SHOCK 


poll soloehed ApTtR EWn? test 


CYCLES 0* 

0020 s« 

0000 + 00 

contact strength (GRAMS) 

) 1 • 0 

676«0 


762*0 

1329,0 


989 • 0 

921 .0 


1 2+3*0 

726,0 


tC8+.g 

10+3,0 


2018*0 

572,0 


1 Oi+*Q 

5 6 7,0 


953*0 

769.0 


2173*0 

1175.0 


1306*0 
930*0 
635*0 
10+3*0 
1379.0 
957*0 
15+2*0 
1 13 + .0 
1070*0 
939*0 
2327 *0 

916,0 

average 

1233*7 

871 ,+ 

95 P«C« CONF* limits 

212*9 

162.2 

STANOARO deviation 

+ 5 H * 8 

25+,7 

PER Cent change 
<REF« initial CYCLE) 

*0 

-29,+ 
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Table 41, N-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196°C; 
L/Ot 2 cells — sintered contacts 


N-CONTACr strength, LITmIUM lot 2 SOLAR C£LLS» 

AFTER ENVIR TEST 
P/N» 20 Ohm-Cm, 2 X 2 X .0360 CM 

SIL SOLAR c£>-LS, AG-TI, SoLoERcOaTeo , HE< 

5 CYCLES, lR 2 to BOILING WATER SHOCK 

pull wires Soldered after envii< test 


cycles 

contact Strength (grams) 


average 

9s P»c* ConF* limits 
standard deviation 
PER CENT CHANGE 

(REE • initial cycle j 


0000 

b * 0000+00 

1 383*0 

U8M .0 

1 261 *C 

lOsM.C 

S67.0 

1 M06 .0 

912*0 

930,0 

712*0 

1 7U6.0 

I 102 *C 

862.0 

9 b 7 * 0 

1 M6 1 ,0 

9b3*0 

M72.0 

20 ia*o 

1021*0 

953*0 

912.0 

lMM7 . 0 


IC3M *0 


! 202*0 


903*0 


1 33M *0 


1 380*0 


776*0 


1 H6b *0 


962.0 


I 23B *0 


1 I 26 * 3 

1103.8 

153*9 

252.3 

328*8 

352.7 

*0 

-2,2 


66 
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Table 43. N-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196‘’C; 
Lot 3 cells — sintered contacts 


N-CC»NTaCT strength, l.IT,i 

LOT 3 CELLS 

MTU OaYGEN 

OIFF, POST ENVIR TtST 



P/fi, 20 OHM-CM. 2X2X«03<,C; 

CM 


SlL SOLAR CELLS, A&-T1 

1 SOLDEHCOATED , hEK 

S CYCLES, LN2 TO ROILING If.ATER SHOCK 


PULL WIRES soldered AFTER 

envir test 


CYCLES 

D .0000 

5 . 0000*00 

contact STRLNGTH (GRAMS) 

630#G 

1 0 + 8.0 


1C6 1 • 0 

590.0 


5 17.0 

1057.0 


&62.C 

1 0 B 4 » n 


6H‘(.0 

744 #0 


1021.0 

+ b5.0 


56 1.0 

658.0 


97 1 .0 

1 039,0 


699. C 

1102.0 


603.0 

712.0 

590.0 
9 + 8.0 
590.0 

7 + + .0 


t 2H3«0 



708.0 
685*0 

e + H.o 

8 5 7.0 

626.0 


average 

759.6 

855* 1 

9b P.C. CONF. LIMITS 

92*0 

1 67 ,V 

standard DEVIATION 

196.6 

23+.7 

PER CENT change 
(REF. INITIAL CYCLE) 

.0 

12*6 


68 
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Table 44, P- contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196*C; 
Lot 4 cells — sintered contacts 


P^CONTaCT strength, 
after ENVIR TEST 

LIThIUM lot h solar 

CELLS , 

P/N» 20 OHH-CM, 2X2X 

.0360 C« 


SIL SOLAR CELLS, 

A6-TI, SOLOERCOATEO 

, HEK 

5 CYCLES, LN2 TO BOILING WATER SHOCK 


pull wires soldered after ENVir TEST 


CYCLES 

0.0000 5. 

0000*00 

contact strength (GRAMS) 93H.Q 

948*0 


862.0 

1057.0 


1134.0 

1293.0 


83S.0 

1007.0 


798.0 

1719,0 


1034.0 

703.0 


726.0 

1264.0 


839,0 

8 16.0 


1 125.0 

948.0 


82 1*0 
835.0 

998.0 


1080*0 

930*0 

807.0 

785.0 

948.0 

780.0 

590.0 

694.0 

962.0 


average 

875.9 

1077.3 

9S p*c. conf* limits 

66.9 

207. 1 

standard deviation 

142.9 

269.5 

PER CENT CHANGE 
(REF. initial CYCLE) 

.0 

23.0 
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Table 45. N-contact pull strength prior to and 
after exposure to 5 cycles of +100 to -196"C; 
Lot 4 cells — sintered contacts 


N'^cOntacT streNgTh, lithium lot h solak cells, 
after envir Test 

P/N, 20 OHM-CM, 2X2X»0360 CH 


SIL SOLAR CELLS, 


AG-TI, soldercoated , hEK 


s cvcLes, ln2 to boiling Water shock 

PULL WIRES soldered AFTEK ENVIR TEST 


CYCLES 


0 f 0000 


&*oooo-»oo 


contact strength (grams) 


R26 

848 

tin 

708 

SH4 

934 

789 

5S8 

866 

426 

721 

3b4 

1025 

744 

844 

689 

5)3 

544 

1116 

730 


average 

95 P*C» COnF. limits 

standard deviation 

PER CENT Change 
(Ref, initial cycle) 


4q4.0 

653.0 
66 7*0 
934*0 

962.0 

703.0 

472.0 

948.0 
218*0 
980*0 


694, 1 


190,5 


266 * 3 


- 6*8 


JPL Technical Memorandum 33-677 




Table 46. P-contact pull strength prior to and 
after exposure to 150“C for 12 days; Lot 4 cells — 
sintered contacts 


P^CONTACT strength, LIThIUM lot h solar 

cells, after ENVIR test 

P/N, 20 OHH-CM, 2X2X*036Q 

CM 


siL solar cells, AG-T I 

, soloercoateu. 

M£K 

i50 DEG C FOR 288 HOURS, HIGH T£HP 


pull wires soldered AFTek 

ENVIR TEST 


EXPOSURE TIME (HOURS) 

.0 

268.0 

contact strength (GRAMS) 

93H.0 

145 1.0 


662.0 

680.0 


0 34.0 

1 256.0 


635.0 

703.0 


798.0 

962.0 


1034.0 

939,0 


726.0 

753.0 


8 39.0 

1093.0 


U2S.0 

885.0 


62 1 .0 

635.0 
1080.0 

930.0 

807.0 

785.0 

948.0 

780.0 

590.0 

694.0 

962.0 

898.0 

average 

875.9 

962.0 

95 P*C. COnF. limits 

66.9 

175.8 

standard deviation 

142.9 

245.8 

PER cent change 

.0 

9.8 

(REF. initial TIME) 
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Table 47. N- contact pull strength prior to and 
after exposure to ISO^C for 12 days; Lot 4 cells 
sintered contacts 


n-contact strength, liThIUm lot 4 solar 

CELLS, after ENVIR TeST 
P/N, 20 OhM*CM, 2X2X«0360 CM 

SIL solar cells, ag-ti, soloekcoateo , 
hek 

ISO OEG C FOR 208 HOURS, HIGH TEMP 

pull Aires soldered aftek envir test 
exposure Time (hours) ,0 288. o 


contact strength (GRAMS) 


average 

95 P»C» COnF, limits 

STANDARD DEVIATION 

PER CENT CHANGE 
(REF, initial TIME) 


• 0 

288.0 

626,0 

245.0 

848.0 

544.0 

1 1 n «D 

426.0 

708.0 

862.0 

544.0 

880.0 

934.0 

600.0 

789.0 

222,0 

558.0 

853.0 

866.0 

844.0 

426.0 

440.0 

721.0 


354.0 


1025.0 


744.0 


844.0 


689.0 


5 13.0 


544.0 


1 1 16.0 


730.0 


744.5 

599,6 

99.5 

185.4 

212.6 

259,3 

.0 

•?19,S 
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Table 48. P-contact pull strength prior to and 
after exposure to 12 5*0 for 12 days in vacuum; 
Lot 4 cells — sintered contacts 


P-*C0NTacT STReNgTh, CIThIUM lot r solar 
CELLS, after ENVIR TEST 

P/M, 20 0Hm*CM, 2X2X»0360 

CM 


SJL solar CELLSi AG-TI 

» SOLDEKCOaTEOi HEK 

125 0E6 C for 28e HOURS, VACUUM-TEMP 


Pull wires soldered after 

ENVIR test 


EXPOSURE Time (hours) 

.0 

268.0 

contact strength (6RAMSJ 

93H.0 

957.0 


B62 .0 

599.0 


1134.0 

830.0 


835.0 

930.0 


798. 0 

798.0 


1034. Q 

767.0 


726.0 

I 696.0 


B39.0 

1066.0 


1 125.0 

1098.0 


821 .0 

835.0 
1080. 0 

930.0 

807.0 

785.0 

948.0 

780.0 

590.0 

694.0 

962.0 

1125.0 

average 

875.9 

9 8 6 .6 

95 PtC. CONF. limits 

66.9 

213.8 

STANDARD DEVIATION 

142.9 

298.6 

PER CENT change 
<REF« initial TIME) 

.0 

12.6 
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Table 49. N-contact pull strength prior to and 
after exposure to 12 5° C for 12 days in vacuum; 
Lot 4 cells — sintered contacts 


N-cQNTacT strength, UIThIUM lot ^ SOLAR 

CELLS, after ENVIR TEST 

P/N, 20 OHm-CM, 2X2X.0360 

CM 


SIL solar CELLS, AG-U 

. SOLOERCOATeo , 

HEK 

2 I 5 OEG C FOR 2 MINUTES, SOLDER MELT 


poll Wires soldered aftek 

ENVir test 


EXPOSURE Time (minuteS) 

.0 

2.0 

contact strength (gkamsj 

B26.0 

630.0 


898,0 

526,0 


U 11 .0 

635.0 


708.0 

H58 #0 


SHR.O 

1 239.0 


939.0 

390.0 


789.0 

917.0 


SS8.0 

1315.0 


866.0 

898.0 


926.0 

721.0 

359.0 
1026.0 

799.0 
B99.0 

689.0 
SI 3.0 

599.0 
1 1 16.0 

730.0 

913.0 

average 

799.5 

666.6 

95 P.C. COnF, limits 

99.5 

299.0 

standard deviation 

21 2.6 

398. 1 

Per cent change 

*0 

^7.8 

|(REF. INITIAL TIME) 
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Table 50. P- contact pull strength prior to and 
after exposure to 14 days at 80° C; 95% relative 
humidity; Lot 4 cells — sintered contacts 


P-CONTaCT STR£N6TH, 

LI Th lUM 

lot H SOLAR 

CELLS, after £NVIR 

TEST 



P/N* 20 OHm-CM, 2X2X 

•0360 CM 


siL solak cells, 

AG-T 1 , 

soldercoateo , 

hek 




80 C for 336 HRS, 95 PC T KEL 

HUM I D 1 r Y 


pull wires soldered after envih test 


EXPOSURE Time choursi 


• 0 

3 3/6.0 

contact strength (GRaHSI 

934*0 

56 t .0 



862«0 

118.0 



1134*0 

97 1 .0 



835*0 

726*0 



798.0 

1034.0 



1034*0 

13 11.0 



726*0 

753*0 



8 3 9.0 

1084.0 



1125*0 

865*0 



82 1*0 
835*0 

757.0 



1080*0 




930.0 

807.0 

785.0 

948.0 

780.0 

590.0 

694.0 

962.0 


AVERAGE 


875.9 

822.0 

95 P*C» CONF. limits 


6 6.9 

232.5 

STANDARD DEVIATION 


142.9 

325.0 

PER CENT CHANGE 
(REF* INITIAL TIME! 


.0 

•6.2 
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Table 51. N-contact pull strength prior to and 
after exposure to 14 days at 80“ C; 95% relative 
humidity; Lot 4 cells — sintered contacts 


n-contact stkensThi lithIUm lot solar 
Cells*, after envir test 

P/N* 20 ohm -CM, 2X2X*0360 CM 

siL solar cells, ag-ti, soloekcoateo, 

M£K 

80 C FOR 334 hRS,95 PCT K£L HUMidiTY 
pull wires soldered after ENVIR TEST 

EXPOSURE Time (hours) ,0 336, o 


CONTACT strength (GRaMS) 


average 

95 P»C» COnF. limits 

STANDARD DEVIATION 

PER CENT Change 
(REF» INITIAL TIME) 


• 0 

336,0 

826*0 

440.0 

BH8.0 

835.0 

1111*0 

481,0 

708.0 

376*0 

54N.0 

56 2.0 

934*0 

649.0 

789,0 

249,0 

ssa.Q 

794,0 

666*0 

794.0 

426.0 

3/2.0 

721.0 


35 4*0 


102S.0 


744*0 


844*0 


689*0 


513.0 


544.0 


1116*0 


730.0 


744.5 

555*2 

99.5 

1 46.9 

212*6 

205*3 

*0 

-25,4 
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Table 52, Electrical characteristics of Lot 1 cells environmentally exposed but not irradiated^ 


Environmental 

Test 

Contact 

Isc»^ mA 

isc/lscO 

Voc"*. mV 

VocAocO® 

p ^ mW 

•^max » 

^max/^maxO^ 

12 days at 1 50® C 

Sintered 

144.8 

0,990 

614.2 

1,000 

65.7 

1, 010 

12 days at 150“C 

Unsintered 

145,7 

1,00 

609.3 

0.992 

63. 0 

0.996 

5 cycles from 
+100 to ^196®C 

Sintered 

144.1 

0, 982 

603.1 

0.977 

58. 4 

0, 878 

5 cycles from 
+100 to -196’C 

Sintered 

129.4 

0.882 

597.5 

0. 947 

46. 9 

0.731 

2 min at 215® C 

Sintered 

146.9 

0. 998 

616.0 

1.002 

67. 1 

1— • 
o 

2 min at 21 5® C 

Unsintered 

144.7 

L004 

615.3 

1.005 

64. 3 

1.003 


^ Average of 20 cells. 


^ ^scO 

= 

= 

f P r 

^max 

^ ^maxO “ 


short circuit current, post expo sure, 
short circuit current, preexposure, 
open circuit voltage, post expo sure, 
open circuit voltage, preexposure, 
maximum power output, postexposure, 
maximum power output, preexposure. 





reproducibility OF 





(d)i 



Fig. 2. Silicon solar cell fractures resulting from thermal cycling and shock test 
(a) delamination between the back solder-coated contact and silicon wafer; (b) 
excessive solder along top contact; (c) delamination between back contact and 
silicon; (d) extensive delamination between contact and silicon 
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